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Abstract 
Introduction. Thermal effect of fire on technical means is a common and serious problem. In this regard, it seems an 


urgent task to study physicochemical and thermal transformations in devices based on cadmium telluride during man- 
made or natural fires. For a number of materials, such studies have not been conducted, and the available results are 
insufficient or narrowly focused. The proposed article presents new data on the defect resistance and applicability of the 
material depending on the thermal effect. The work objective is to study the features of degradation under the influence 
of extreme temperatures to create new materials with specified properties. 

Materials and Methods. Cadmium telluride (CdTe) samples used in solar panels and detectors were studied. In the 
practical part of the work, the thermal effect on the sample of normal and extreme temperatures was evaluated, followed 
by the study of the material by transmission electron microscopy methods. The experiments simulated a zone of thermal 
impact of a fire. The computational and theoretical work consisted in improving the mathematical model of physical and 
chemical transformations and the evolution of defects under thermal influence up to 1092 °C. The mathematical model 
took into account the heat dose characteristic of uncontrolled combustion. The Maple software package was used to solve 
the equations. 

Results. The formation of defects in a CdTe sample at significantly different levels of thermal exposure was visualized. 
The lower limit was about 20 °C, the upper one was more than 600 °C. Transformations in CdTe control samples under 
the influence of temperatures up to 1092 °C with a step of 15 °C were worked out in detail. Point defects caused by the 
influence of temperature were presented as a factor of destruction of the material, and consequently, failures in the 
operation of the device. A system of equations was solved that takes into account a set of parameters: the frequency of 
vibrations of atoms in the lattice, temperature, concentrations of CdTe nodes, interstitial atoms and vacancies, migration 
and attachment of interstitial atoms and vacancies. The concentrations of vacancies and interstitial atoms in CdTe samples 
depending on thickness and temperature were graphically presented. The results of scientific research allowed us to assert 
that CdTe-based detectors worked relatively correctly only at a heat dose of up to 400 °C. In the ranges of 400-600 °C, 
the defective network of the material actively evolved, preventing destruction. However, a further increase in thermal 
exposure led to complete degradation of the equipment, which did not allow the use of cadmium telluride in extreme 
conditions, even for a short time. 

Discussion and Conclusion. The proposed improved model of physical and chemical transformations in CdTe-based 
devices in heat-affected areas will allow a more selective approach to the use of equipment. In addition, it is necessary to 


improve materials and increase their resistance to extreme temperatures. 


Keywords: cadmium telluride, formation of defects in a CdTe sample, density of nodes, vacancy concentration, CdTe 
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AnHoTayHa 

Bsegenne. TersoBoe Bo3elicTBue Noxapa Ha TeXHHYeCKHe CpecCTBa — paclipocTpaHeHHad HM cepbe3sHad poOsema. 
B Tov cBAaA3M IIpesCTaBIAeTCA aKTYaIbHOM 3ayauel UccHeqoBaHue PU3HKO-XHMHUYCCKHX HM TeMIOBbIX MpeBpaljeHHii 
B yCTpOlicTBax Ha OCHOBe TeJWIypufa KayMUA IPH TeXHOTeHHBIX WIM MpHpogHEx moxapax. Ilo pay MaTepnasoB 
TMOAOOHbIe HCCIeOBaHHA He TPOBOMIHCb, a HMEeIOUIMeCA pe3yNIbTaTbI HeOCTaTOYHI WIM y3KONpOuJIbHBI. 
B npeyoxKeHHOM cTaTbe MpeACTaBIeHbI HOBbIe AaHHble MO ed:eKTOCTOMKOCTH WM MpHMeHHMOCTH MaTepuasia 
B3aBHCHMOCTH OT TemoBoro Bo3yelicTBua. Lens uccneqoBaHua — w3yueHHe ocoOeHHOCTeH Aerpayauuu moa 
BO3eCHCTBHeM IKCTPeMAJIBHBIX TeEMMepatyp WIA CO31aHHA HOBBIX MATepHasIOB C 3a]JaHHBIMH CBOMCTBaMH. 

Matepuasbl 4 MeToabl. Uccneqoparuch oOpa3ubI TeWIypuaza Kaymusa (CdTe), uctiomb3yemble B COJIHCUHBIX MaHesAx 
MW eTeKTopax. B wpakTH4eckoli uacTH paOoTbI OLeCHHBaJIOCh TelJIOBOe BO3elicTBHe Ha OOpa3zel, OOBIHHEIX 
VW OKCTPeMaJIBHBIX TeMMepaTyp C MOCIeqyIOWIMM W3y4eHHeM MaTepvasia MeTOaMM TIpocBeuMBalolei IIeKTPOHHOM 
MHKPOCKONHH. OKCHePHMeHTbI HMUTHPOBAIM 30HY TeMIOBOTO BO3TelcTBHA ToxKapa. PacueTHo-TeopeTHy4eckan padota 
3aKI0UaIacb B COBepWICHCTBOBaHHH MaTeMaTH4eCKOM MOJeHM PU3HKO-XHMM4eCKHX TpeBpalleHHi HW 9BOJIOWMU 
JespeKTOB Ip TerJIOBOM BosyelicTBHH Wo 1092 °C. MaremaTuyeckad MOJeb YYUTHIBAaIa TeMIOIO3y, XapakTepHyto JIA 
HeylipaBsideMoro ropenna. Jd pelleHua ypaBHeHHi 3aeHcTBOBaJIM NporpaMMubIi nakeT Maple. 

Pe3y1bTaTbI HcceqoBaHHA. Busyanu3supoBaHo dopmMupoBaHue AedeKToB B OOpa3ue CdTe mpu cyujecTBeHHO pa3HBbIx 
ypoBHAx TerIOBOro BO3AelcTBUA. HwKHAA Ppanuya — oKoNo 20 °C, BepxHaa — Oosee 600 °C. JetambHo mpopabotaHsl 
IipeppalljeHHA B KOHTPOJIbHBIX OOpa3yax CdTe npu Bo3szelictBuu TemMepatyppI Wo 1092 °C c marom 15 °C. Toueunpre 
TeekTbl, OOycOBMIeHHbIe BO3eHCTBHeM TeMIIepaTypbl, UpescTaBeHbI Kak (bakTOp pa3pylWieHHA MaTepuasta, 
a culeqOBaTeIbHO, HM cOoeB B paOoTe ycTpoiictBa. PemieHa cucTeMa ypaBHeHHii, KOTOpadt YUHTbIBAaeT KOMIJICKC 
TlapaMeTpoB: YacTOTy KoeOaHHi ATOMOB B pellieTKe, TeMMepaTypy, KOHWeHTpauHu y310B CdTe, Mexoy3eIbHbIx 
aTOMOB HM BaKaHCHi, MUrpallHio HM MpHcoeqMHeHWe Me2KOY3CIbHBIX aTOMOB HM BakaHcnii. [pacduyecku 
IIpeACTaBICHbI KOHI[CHTpalW BaKaHCHi HW M@XKOY3CJIbHBIX aTOMOB B OOpa3ijax CdTe B 3aBHCHMOCTH OT TOJILIMHBbI 
uw Temuepatyphi. Mtorm Hay4Hblx W3bICKaHH MO3BOAIOT YTBep2%KaTb, YTO JeETeKTOPbI Ha OcHOBe CdTe OTHOCHTeIbHO 
KOppeKTHO paOoTatoT TOIBKO Mp TerI0703e Wo 400 °C. B auana3oHax 400-600 °C qedbexTHaad CeTb MaTepHasia AKTHBHO 
3BOJONMOHUpyeT, MpelaTCTByA pa3spylieHuIoO. OWHaKO JalibHeliliee yBeM4YeHHe TeMIOBOTO BO3LeHCTBUA TIPHBOAUT 
K HOJHOM Werpaqauuu oOopyAoBaHHA, YTO He MO3BOJIACT HCMOMb3OBATb TeJIYPUA KaMUA B IKCTPCMAJIbHBIX YCIOBHAX 
Wake HEMpOAOJMKUTeIbHOe BPeMA. 

OGcyxaenMe u 3aKIO4eHHe. [IpeqoxeHHad yCOBepUICHCTBOBaHHad MOJeJIb (PH3HKO-XHMHYeCKHX IIpeBpalleHHit 
B YCTpOlicTBax Ha ocHoBe CdTe B 30HaxX TeIJIOBOTO BO3JCHCTBUA MO3BOUT Oonee M3OuUpaTebHO MOAXOAHTb K BOTIpOcy 
HCIOb30BaHHA OOOpyAoBaHHA. Kpome Toro, HeOOXOAMMO COBepIICHCTBOBaTb MaTepHaJIbI HM MOBbIMATb HX CTOMKOCTB 


K SKCTpeMaJIBHbIM TeMMepatypaM. 


Mozzherin AV, et al. Thermal Stability of Cadmium Telluride in Infrared Detectors for Monitoring Fire Conditions 


KsoueBbie c0Ba: TeWIypHy KayMua, copMupoBaHvMe edexToB B oOpa3sne CdTe, KOHIeHTpalHaA y3J10B, 


KOHIUCHTpalna BakaHCcHi, MOKITOY3CJIBHbIC ATOMBI CdTe 


BuaroqapHocTH: aBTOpbl BbIpakKaloT MpPH3HaTeCbHOCTb KOJWIeraM 3 JIa0opaTOpHH HaHOMCHepcHBIX U 
KOMIHO3HI[MOHHBIX MaTepvHasioB DIT BHY «PUL KHL] CO PAH». Kpome toro, OmaroqapuM peyqakKIMOHHy!IO KOMaHyy 


*KYypHaJla HW PCUCH3eHTa 3a KOMIICTCHTHYFO SKCIICpTH3y WH WeHHbIe PCKOMCH alu HO YJTyYaWIeHHtO CTaTbH. 


Aaa watTupopanua. Mo3xepuu A.B., Uaxmma H.H. Tennoycroitunpoctb teslypufa KayMua B MHdpakpacHbix 
WeTeKTOpax Id MOHHTOpHHTa WoxKapHo oOcTaHoBKH. Besonacuocmb mexnozeHHbix u nNpupOOHeix cucmem. 
2023;7(3):7—13. https://doi.org/10.23947/2541-9129-2023-7-3-7-13 


Introduction. Cadmium telluride (CdTe) is a binary chemical compound of cadmium (Cd) and tellurium (Te), a 
direct-band semiconductor of the A2Bg group. Due to its high melting point and insolubility, it is one of the most stable 
Cd compounds. CdTe is a strategically important material for creating thin-film solar cells, universal infrared detectors 
and other devices. 

An important issue from the point of view of production practice is the operation of devices and equipment in various 
environmental conditions, their durability and fire and explosion safety!. It is well known that any semiconductor 
compound tends to degrade and change its physicochemical properties. This is due to the processes of defect formation, 
which occur, among other things, due to thermal exposure [1]. It is extremely important to understand these processes for 
the use of materials in extreme conditions while maintaining the specified properties, with minimal risk of fires, accidents 
and other emergencies. 

It should be noted that so far scientific research in this area has not yielded exhaustive results. Studies have not been 
conducted on a number of materials, and the available data are insufficient or narrow-profile. The authors of the presented 
article offer new information concerning the resistance to defects and the applicability of the material experiencing 
thermal effects. The work objective is to study the features of degradation under extreme temperatures to create new 
materials with specified properties. 

Materials and Methods. The operation of the device was studied in the event of extreme events — a natural or man- 
made fire. The objects of the study were three control samples of cadmium telluride. They were removed from the solar 
battery and subjected to constant thermal exposure from 20 °C to 1092 °C. Table 1 presents the general data of the studied 
materials. 


Table 1 


Individual properties and characteristics of cadmium telluride [2—4] 


Chemical formula CdTe 
Density, g/cm? 5.8585 
Melting point, °C 1092 

Solubility in water and other solvents Insoluble 
Crystal structure Cubic, sphalerite (zinc blende) 

Lattice parameter, nm 0.648 

Poisson's ratio, v 0.41 

Shear modulus, GPa 9.2 
Stacking fault energy, MJ/m? 11+1.9 
Fire and explosion safety Incombustible 
Toxicity Toxic, especially dangerous in the aquatic 


' GOST 2.1.004-91. Occupational safety standards system. Fire safety. General requirements. Electronic fund of legal and regulatory documents. URL: 
https://docs.cntd.ru/document/9051953 (accessed: 17.04.2023). 
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Basic experimental study was carried out by transmission electron microscopy on a JEOL JEM-2100 device with 
preliminary sample preparation of samples according to basic techniques [5]. Theoretical work was based on the creation 
of a mathematical model of physical-chemical transformations in devices based on cadmium telluride, taking into account 
the heat transfer that occurs during the development of the uncontrolled combustion process. Systems of equations were 
solved in the Maple software package. 

Results. The experimental part of the work was described in [2, 4]. The data obtained showed that the effect of thermal 
radiation led to the formation and active evolution of a defective network (Fig. 1), represented mainly by growth 
dislocations. In some cases, in the presence of cadmium or other substances in the atmosphere, precipitates appeared with 


the transformation of dislocations into dislocation loops or stacking faults [3, 6—7]. 


100 nm 50 nm 
a) b) 
Fig. 1. Formation of defects in the CdTe sample under thermal exposure: 
a — ~ 20 °C; b — more than 600 °C. Scale in nanometers 


Theoretical part of the study included a detailed study of transformations in CdTe control samples when exposed to 
temperatures up to 1092 °C in increments of 15 °C. With this type of operation of the devices, especially near the melting 
point, the destruction of the material occurred, which was directly related to the formation and development of point 
defects. 

Taking into account the fixation of the temperature mode and previous experimental data, the formation of interstitial 
atoms and vacancies, as well as their clusters in the form of dislocation loops and pores in CdTe, was modeled. The 
effective values of the energy of thermal dissociation of the lattice (E,) and the coefficient of thermal generation of point 
defect pairs (P) allowed us to improve the system of equations for the equilibrium distribution of defects, given in [8—9] 
to the following form: 

Poy + D,-Cy—-R-C, Cy —2A, «C7 =0, (1) 
Pc, +D,-C, —R-C,-C, -2A, -C? =0, 
where P = v-exp (—E,/kT), v — frequency of oscillation of atoms in the lattice, k — the Boltzmann constant, T — 
temperature, co — concentration of CdTe nodes, C; and Cy — effective concentrations of interstitial atoms and 
vacancies, D; and Dy — diffusion coefficient (migration) of interstitial atoms and vacancies, A; and Ay — 
agglomeration coefficient (joining) of interstitial atoms and vacancies, respectively, R — recombination coefficient. 
Numerical values of the indicated values were used for calculations (Table 2). 


Table 2 
Numerical values of the parameters of the cadmium telluride crystal [3, 8-9] 
co Dr Dy Ar Ay R Vv E, P 
cm? cm?s"! cm?s! cm?s"! cm?s! cm?s! st eV cm?s"! 
1.5-107 4.2.10? 8.3-107 7.5-104 1.1-10* 1.7-108 10% 1.4 2.6-107!! 


Solution to system of equations (1) is shown in Fig. 2, 3. As noted above, the upper curve corresponds to 1092 °C, 
the step is 15 °C. 
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Fig. 2. Vacancy concentrations in CdTe samples depending on thickness (z) at different temperatures 


Ci, cm? 


6-10!” 


5-10!7 | 


4-10"7 5 


3. 10!7 4 


2-10!7 | 


1-10!7 |i 


10 20 30 40 50 60 70 80 90 100 z, nm 
Fig. 3. Concentrations of interstitial atoms in CdTe samples depending on thickness (z) at different temperatures 

The data obtained allowed us to assert that up to a temperature of 400 °C, point defects (vacancies and voids) affected 
the physicochemical properties weakly, with a linear increase. When the specified boundary increased, nonlinear changes 
were recorded. This could be explained by the reverse effect of defects (countering the destruction of the semiconductor). 
Active degradation was especially noticeable at temperatures above 600 °C. Under the influence of a temperature of 
1000 °C, cadmium telluride began to break down. 

Discussion and Conclusion. The presented study confirmed active physical-chemical transformations in cadmium 
telluride samples at equilibrium thermal exposure up to 1092 °C. The results of solving modified system of equations (1) 
allow us to assert that with increasing temperature, the destruction in cadmium telluride samples increases, and the 
defective network grows. These processes cause equipment failure with this material. 

Devices and equipment based on cadmium telluride show high thermal stability and reliable operation up to 100 °C. 
However, their use is limited and becomes extremely ineffective at high temperatures. In extreme conditions, 


semiconductor materials such as silicon and germanium are more suitable. 
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Abstract 
Introduction. Risks of accidents and fires during transportation and pumping of oil and petroleum products is a 


significant problem of technosphere safety. The reasons may be leaks due to corrosion damage to pipelines, tanks and 
oil storage tanks. In view of the possible serious financial, environmental and social consequences of such incidents, it 
is important to constantly seek new, more effective approaches to preventing corrosion processes. It is obvious, for 
example, that at present not all chemical compounds capable of suppressing or inhibiting the destruction of metals and 
alloys have been thoroughly studied. The presented scientific work is partly aimed at overcoming the lack of data in this 
area. The objective is to investigate an insufficiently studied compound salicylidene-aniline, which can be a corrosion 
inhibitor similar to other nitrogen-containing compounds similar in structure and composition. 

Materials and Methods. The gravimetric method was used to study the inhibitory, adsorption and complexing 
properties of salicylidene-aniline. The experiments were carried out with St3 steel plates. The mass of metal samples 
without an inhibitor and with an inhibitor was recorded before and after exposure in the test media. The effect was 
determined by the change in the corrosion rate. When setting up experiments, the authors were guided by GOST 9.905— 
82 "Unified system of corrosion and ageing protection. Corrosion test methods. General requirements". The volume of 
the corrosive medium was determined according to GOST 9.506-87 "Unified system of corrosion and ageing 
protection. Corrosion inhibitors of metals in water-petroleum media. Methods of protective ability evaluation". The 
corrosion criteria were taken from GOST 9.908—85 "Unified system of corrosion and ageing protection. Metals and 
alloys. Methods for determination of corrosion and corrosion resistance indices". The calculations were based on the 
valuation principle, which sets the ratio of a multiplicative metrized linear order on a set of particular criteria. An 
integral indicator based on mathematical and methodological approaches was used for ranking. 
Results. The effect of hydrochloric acid medium on steel samples St3 was studied. Four concentrations of the inhibitor 
were taken: 0 %, 0.01 %, 0.1 %, and 0.2 %. The mass of metal samples without an inhibitor and with an inhibitor was 
recorded before and after exposure in the test media. The effect was determined by the change in the corrosion rate. The 
mass index of corrosion was calculated. The surface quality during destruction and corrosion inhibition was determined 
in five stages: the elements to be evaluated were selected, the purpose of the evaluation was formulated, the elements of 
the technical condition of the object under study were found, the essence of determining the usefulness or value of the 
criterion was described, and the essence of optimization was explained. The studied properties were ranked with respect 
to the multiplicative metrized linear order on a set of particular criteria. For the calculations, the task was set — to 
determine the components of vector B in accordance with one of the evaluation stages. We are talking about the stage 
when the usefulness or value of the criterion is analyzed by points on the numerical axis indicating the state of the 


object "better — worse". We constructed an indicator z approximating a known or specified (learning) matrix of 
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paired relationships between objects. The resulting indicator allowed us to assess the technical condition of the 
surface during the course of corrosion and when it slowed down due to the addition of salicylidene-aniline. The 
result was obtained for samples with a surface area from 10.1-10* m? to 11.9:10* m*. During the experiment, the 
mass of the metal decreased by 0.2—0.8 times with the inhibitor and almost by 3.5 times without it. The mass index 
of corrosion was recorded from 0.15 g/m*-h to 0.48 g/m*-h. At the same time, the protective ability of the inhibitor 
was quite high: the minimum was 77.4 %, the maximum was 94.8 %. This is a convincing indicator. It is also worth 
mentioning such an advantage of salicylidene-aniline as a low danger. Its hazard class is HI (for comparison: the 
hazard class of aniline is a level higher — II). 

Discussion and Conclusion. The authors propose to use salicylidene-aniline as a means to increase the safe service life 
of oil pipelines and tanks. The potential of this composition as an effective corrosion inhibitor, highly soluble in oil and 
petroleum products, has been proven. Such properties of salicylidene-aniline as slow oxidation and moderate toxicity 


are noted 


Keywords: inhibitory properties of salicylidene-aniline, protective ability of the inhibitor, inhibitory additives, ability 
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AnHoTayHna 

Beedenue. 3na4quMas MpoOsemMa TexHocepHo Oe3x0macHocTH — PHCKH aBapHii U WOxKapoB Up TpaHcnopTHpoBKe 
MW Wepekauke Het u HedtTenpoxyxtos. IIpwanHamu MoOryT ObITb yTeCYKH 3-34 KOPpO3HOHHBIX MOBpex eH 
TpyOonpoBoyoB, UMCTepH, pe3sepByapoB HedTexpanumum. BsBuyy BO3MO%KHBIX Cepbe3HbIX (HHAHCOBBIX, 
SKOJIOPHYeCKHX HM COMMAIbHBIX MOCMeACTBHH TaKHX MPOHCHIeCTBHH BaKHO TIOCTOAHHO H3bICKHBaTb HOBbIe, Oosee 
3ekTHBHbIe, MOAXOAbI K MpeLOTBpalleHHIO KOPpO3HOHHBIX MpoyeccosB. OueBHaHO, HallpHMep, YTO B HacTosLee 
BPeMA JOCKOHAJIbHO V3YYeHbI WaieKO He BCe XHMMYeCKHe COeAMHeHHA, CMOCOOHbIe NOMaBIATb VWI TOPMO3HTb 
pa3pyleHue MeTa0B u cnaBoB. IIpeactaBieHHadt Hay4yHad padoTa MpH3BaHa OTYaCTH MpeosoeTb HeAOcTaTOK 
JaHHBbIX B 3TOM OOacTH. Llemb — uccneqoBaTb MasIOH3y4eHHOe COeCAMHEHHe CasIMI[MJIMeH-aHVWJIHH, KOTOpOe MOxKEeT 
ObITb HHTHONTOPOM KOppoO3HH aHayIOrHyHoO ApyruM, CXOJHBIM M10 CTPOeHHIO HU COCTaBYy a30TCOepxKall[HM COCTaBaM. 
Mamepuaavi u memoooi. Jina uccneqoBaHva WHTMOUTOPHBIX, aCOPpOWMOHHBIX HM KOMMJIeKcooOpa3y!OWINx CBOMCTB 
CaIMUWIMeH-aHvIMHa HCHONb30BaIM rpaBuMeTpHyeckui MeTor. I[poBpoqMiM OMBITEI c WiacTHHamMu “3 cTamM CT3. 
@ukcupoBaach Macca MeTaIIM4ecKHxX OOpa30B 6e3 HHTrHOUTOpa MU C UMHTHOUTOPpOM AO M MocIe BbI_epxKKU 
B HCHBbITYeMBIX Cpefqax. DddekT onpeyesAIH 10 W3MeHeEHHIO cKopocTH Koppo3uH. IIpu nocTaHoBKe 3KCIepHMeHTOB 


opventupoBannch Ha TOCT 9.905—-82 «Equuaa cucTeMa 3allJMTbI OT KOoppo3HH u cTapeHus. Metogbl KOppo3HOHHBIX 
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MCIIbITAaHHM». OObeM KOppO3HOHHOH cpeybI onpexemumn 10 TOCTy 9.506-87 «Enuuas cucTeMa 3alHTbI OT KOppo3HHu 
mM cTapeHus. VarnOutTopsl Koppo3HH MeTayIIOB B BOHO-HedTAHBIX cpefzax». Kpntepun Koppo3HH B3AJIH 
w3 TOCTa 9.908-85 «Metanmpt uw cmmaBbl. Merogbl onpeyeneHua noKka3aTeseli KOppo3HH HM KOppO3HOHHOH 
CTOHMKOCcT>. PacueTbI OCHOBBIBaJIMCh Ha IIPHHIUMMe ONCHUBAHHA, KOTOPbI 3ajaeT OTHOMICHHe MyJIBTHIMIMKATHBHOTO 
MeTPH30BaHHOTO JIMHeHHOTO TopsykKa Ha MHOKeCTBe 4aCTHBIX KpvTepves. JIA pawKHpOBAaHHA MCTONb30BaIIMN 
MHTerpasIbHbIi NOKa3aTesIb, OCHOBAHHbIM Ha MATEMATHYCCKOM H MeETOAHYeCKOM MOAXoMaXx. 

Pezyismamot uccaedosanua. Vi3yseno Bo3yelicTBve CONAHOKMCION cpelbI Ha OOpa3ubl cramu Cr3. bpanu uerpipe 
KOHUWeHTpaluu wHrMoOuTopa: 0%, 0,01 %, 0,1 %, 0,2 %. 3aduKcupoBamH Maccy MeTasIMGecKHx oOOpa3ll0B 6e3 
MHTHOUTOpa UH C MHTHOMTOPOM AO HM MOCIe BbIepxKKM B UCIIbITYeMBIX cpezax. DpdekT ompeyesHIM 10 W3MeHeEHHIO 
ckopocTH koppo3uv. Paccuntasm MaccoBbI MoKa3aTeb KOoppo3Hu. KayecTBo HoBepxHOCTH TIpu pa3pylwieHuu 
WM MHTHOMpOBaHHU KOppoO3HH OMpeeAIM B MAT 9TAMOB: BbIOPAasIM OL[CHHBAeMBIe IJICEMCHTbI, CCPOPMYJMPOBAaIIN Leb 
OWeCHHBAHHA, Hall 9JIEMeHTbI TeXHHYeCKOTO COCTOAHMA UccesqyeMoro OObeKTAa, OMMCaIM CyTb olpeyeseHua 
TOe3HOCTH WIM WeHHOCTH KpWTepHa, NOACHWIM CyTb onTHMu3alMH. Uccnegyembie cBolcTBa paHkKUpoOBasIH 10 
OTHOMCHHIO MYJIBTHIWIMKATHBHOTO MeTPH30BaHHOrO JIMHeMHOTO MOpsAyKa Ha MHOXKeCTBe YaCTHBIX KpuTepHes. Ja 
pacueToB NocTaBHIH 3ayqa4y — OMpeeMTb KOMMOHEHTE! BeKTOpa B B COOTBETCTBHH C OJHHM M3 9TANOB OWCHKH. Peub 
waeT O CTaqHH, KOra MOUe3HOCTh WIM IWeCHHOCTbh KpHTepuaA aHaM3upyeTcA 10 TOUKAaM Ha UHCIOBOM OCH, 
ykKa3bIBalolWMM Ha COcTOsHHe OObeKTa «YUE — xyxxKe». IlocrpowmM NoKa3aTesb Z, allIpOKCHMUpyIOWWMi U3BeECTHYIO 
WIM 3aqjaBaemy!o (OOy4aroLly!1o) MaTpHUy MapHbIxX B3aHMOCBA3eH MEK ZY OOBeKTaMH. 

Tlonyyenupri B UTOre NoKa3aTesb MO3BOAeT OWCHMBATb TeXHHYCCKOe COCTOAHHe MOBepXHOCTH B Iporecce 
TIpOTeKaHHA KOppoO3HH HM IPH ee 3aMeIeHHM 3a CueT DOOaBNeHHA calMuMIMyeH-annMHa. Ilomysen pe3yibTaT Aa 
oOpa3i0B ¢c TMoMlayqbrO moBepxHoctu oT 10,1:107%M? go 11,9:104Mm?. 3a Bpema skcHepuMeHTa Macca Metasa 
yMeHbilasacb B 0,2—0,8 pa3a c HHrMOMTOpOM H TOYTH B 3,5 pa3a Oe3 Hero. DuKcupoBasicA MaCCOBBbI MOKa3aTesIb 
Koppo3uu of 0,15 r/m*4 yo 0,48 r/m?-4. IIpu sTom 3alTHad ciocoOHOcTb MHrMOUTOpa OKa3alach OcTaTOuHO 
BbICOKOM: MMHHMasIbHat — 77,4 %, MakcuMaIbHat — 94,8%. Dro yOeqNTeNbHbIM MoKa3aTerb. CTONT TalwKe 
YHOMAHYTb TaKoe TIPeMMYIWeCTBO CasIMUWIMeH-aHWIMHa, KaK HeBbICOKad OMacHOcTb. Kmacc ero onacHoctu — III (ana 
CpaBHeHHa: Klacc OMaCHOCTH aHWJIMHa Ha YpOBeHb BbILIe — II). 

O6cyarcoenue u 3axniouenue. ITpeanaraetca MCiOb30BaTb CaIMUWIMeH-aHWIMH KaK CpeJCTBO, NOBBbIMAOMlee CpOK 
Oe30racHon ciry2%KObI HedTenpoBoyoB u UMcTepH. JloKa3aH NOTeHWMal 3TOTO cocTaBa KaK 9¢pPeKTHBHOrO HHTuOUTOpa 
KOppo3HH, XOpolio pacTBopuMoro B He*pTH HW HedTenposyKtax. OTMeyeHbI TakHe CBONCTBa CaIMIWIMeH-aHwinna, 


Kak MeCJJICHHOC OKHCIICHHe UW YMepeHHaswA TOKCHYHOCTS. 


KoroueBbie cJI0Ba: MTMOUTOpHEIC CBOHCTBa CaJIMWMJIMeCH-aHWJIMHa, 3alqWTHaA ClOCOOHOCTb wHTMOuTopa, 


MHTMOupyrorlue 00aBKH, CMOCOOHOCTS K KOMIIIeKCooOpa30BaHH10, KOHUCHTpalna MHTMOUTOpa 


BaarogqapHocTH: aBTopbl BbIpaxKaloT OyaroyapHOCTh peakKIMOHHOM KOJerMH %KypHala UU pelleH3cHTy 
3a IpodbeccHOHaJIbHbIM aHaIH3 MW PCKOMeHalMM [JIA KOPpeCKTUPOBKU cTaTbH. ABTOPbI TakxKe BbIPaxKatOT OCOOyIO 
OnarogapHocTb KolIere 3aiiuepoti M.M., foueHTy, KaHqMfaTy TexXHW4eCKHX Hayk, 3a 3HaY4HTeIbHbI BKIay 


B oOcyxTeHHe pe3yJIbTaTOB HW WeHHbIe 3aMedaHHaA Tipu odbopMiieHun TjaHHon padorsl. 
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KaK HHTHONTOpa KOppo3Hu B CHCTeMaxX TpaHCHOpTHpoBKU HedTu uU He@TempozyKTos. bezonacnocmb mexnozeHHoix 
u npupooneix cucmem. 2023;7(3):14—23. https://doi.org/10.23947/2541-9129-2023-7-3-14-23 


Introduction. Transportation and storage of aggressive liquids, including oil and petroleum products, generate risks 
of accidents with severe consequences. Special attention needs to be paid to the condition of pipes and tanks and the 
possibility of their damage. Oil pipelines, railway tanks and tank trucks are constantly in contact with an aggressive 
environment. They are made of steel, which raises the question of preventing or slowing down corrosion processes. The 


consequences of such destruction can be accidents and catastrophes accompanied by fires and explosions. 
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Corrosion inhibitors can be nitrogen-containing organic bases, primarily aliphatic and aromatic amines and their 
derivatives [1-3]. Azomethines are derivatives of amines. They are promising as weakly basic inhibitors (pKa bases 
are 1—2 orders of magnitude smaller than those of the initial amines). 

Aniline (phenylamine) CsHsNH2 is used, in particular, to increase the anti-detonation of fuel. With 1 % of aniline, 
the octane number of gasoline increases by 3-4 points. However, it is better not to use aniline in its pure form. During 
long-term storage, such an additive is oxidized, which reduces the quality of gasoline. Aniline derivatives, such as 
phosphates, are added to solutions of strong electrolytes to inhibit corrosion of carbon steel. 

The hazard class of aniline is II (highly hazardous substance), and the hazard class of salicylidene-aniline is HI 
(moderately hazardous). The lesser danger of salicylidene-aniline is a convincing reason for a close study of its 
anticorrosive properties. In addition, the known protective capabilities of heteroaromatic compounds on the example of 
piperidines have unequivocally confirmed their qualities as inhibitors of acid corrosion of non-alloy steel St3 [3]. At the 
same time, poorly soluble substances are formed in interaction with positively charged ions of the corroding metal. 
They are deposited in the form of ultrathin films (no more than 10 nm) and protect against further corrosion damage. 

Anticorrosive protective chemicals are used as inhibitory additives — additives to aggressive media and in combination 
with protective coatings [2-3]. Complexing agents with anticorrosive properties: complexones (for example, sodium 
ethylenediaminetetraacetate (trilon B) Na,H(OOCCHz)2 N — (CH2)2— N(CH2COO), Na,H), various complex compounds of 
d-elements and mixtures based on them. The leading place in this group is occupied by phosphonates of alkaline and alkaline- 
earth metals [1-5]. 

The other group includes nitrogen- and sulfur-containing heterocycles. Nitrogen-containing compounds form less 
toxic products of interaction with a corrosive environment, therefore they are preferable for the development and 
creation of effective anticorrosive additives [3]. 

Quaternary ammonium salts of aliphatic and heteroaromatic nitrogenous bases, including derivatives of alcohols, 
aldehydes, and carboxylic acids, have proven themselves well as protective anticorrosive agents for St3 steel. They 
dissolve well and are stable in working environments, act in a large pH range [6]. 

At the same time, in view of the potential serious financial, environmental and social threats associated with 
corrosion of oil and petroleum products transportation systems, more effective approaches to preventing destructive 
processes should be continuously sought. It is obvious, for example, that not all chemical compounds capable of 
suppressing or inhibiting the destruction of metals and alloys have been thoroughly studied. The presented scientific 
work is to supplement the data in this area. 

The study objective is to create compositions with high anticorrosive properties based on aniline derivatives and 
compounds of the azomethine class. An aniline derivative is a representative of the class of azomethines-salicylidene- 
aniline. We believe that this composition or compositions based on it should be used as a corrosion inhibitor of steel, 
which will eventually increase the safety of transportation of oil and petroleum products. 

Materials and Methods. The following features of salicylidene-aniline were studied: 

— inhibitory properties; 

— anticorrosive activity; 

— ability to complex formation; 

— adsorption capabilities. 

Inhibitor molecules form a contact layer on the metal surface due to the donor-acceptor bond between the electron 
pairs of nitrogen atoms and the free d-orbitals of the complexing agent atom (in this case, iron). Such compounds form 
a stronger film than many other inhibitors. As a result, micro-galvanic vapors are formed on the surface of the steel and 
anodic and cathodic depolarization occurs, due to which the protective properties of the inhibitor are manifested. 

The gravimetric research method was used in work [1]. It is based on fixing the mass of metal samples without an 
inhibitor and with an inhibitor before and after the exposure in test media. The anticorrosive activity of the tested 
compound is estimated by the change in the corrosion rate. For each sample, the holding time in an inhibited medium is 


equal to the time in an environment without an anticorrosive agent [1-3]. 
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The authors of the research used plates made of steel grade St3 according to GOST 9.905-82 "Unified system of 
corrosion and ageing protection. Corrosion test methods. General requirements". The volume of the corrosive medium 
(0.25n HCl) is 30cm? in accordance with GOST 9.506-87 "Unified system of corrosion and ageing protection. 
Corrosion inhibitors of metals in water-petroleum media. Methods of protective ability evaluation". 0 %, 0.01 %, 0.1 % 
and 0.2 % salicylidene-aniline were added in the medium. Corrosion criteria was according to GOST 9.908-85 "Unified 
system of corrosion and ageing protection. Metals and alloys. Methods for determination of corrosion and corrosion 
resistance indices". 

Results. The effect of hydrochloric acid medium on steel samples was considered. The results were recorded taking 


into account different concentrations of salicylidene-aniline and thus the anticorrosive effect was determined (Fig. 1). 


d) 


Fig. 1. Photo of corrosion damage — a type of rust stain on the surface of St3 steel samples in hydrochloric acid medium at inhibitor 


concentrations, %: a — 0; b — 0.01; c — 0.1; d — 0.2. Samples are numbered from top to bottom, their images after exposure are 
arranged vertically 
Mass index of corrosion j was calculated by formula: 


https://bps-journal.ru/ 


j=Am/(S-1),2/ a? -4 uu 2/ mM? -200, 


where Am — decrease in the mass of metal (g) during metal corrosion during time t (hour or year) on the surface S (m7). 
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The surface quality during corrosion and its inhibition (Fig. 1) was evaluated in five stages [7]. 

1. Based on the preliminary analysis, the problem was defined, the evaluated elements were indicated. 

2. Structural analysis allowed us to formulate the main objective of the assessment and the possibilities of achieving it. 

3. For the analysis of uncertainty, the search for unifying elements of the actual technical condition of the object was 
conducted. 

4. The usefulness or value of the criterion was analyzed by the points of the numerical axis indicating the state of the 
object "better — worse". 

5. Optimization was the search for a way to achieve the necessary technical condition. 

Methods of constructing the structure of goals and the formation of a list of criteria were discussed in [8]. It was 
assumed that the initial array of objects was set and the study identified the best of them in terms of technical condition. 
Ranking was carried out according to a special integral indicator based on mathematical and methodological 
approaches. The main principles of selection were described in [9]. 

The main element of the approach under consideration was the rule (or principle) of estimating 2, which set the ratio 
of a multiplicative metrized linear order on a set of particular criteria. 

For a pair of objects ay and a, the choice was based on the following principles: 

— dy > ay — the first object was "better" than the second by the factors considered; 

— day ~ ay — the objects were evaluated equally; 

— ay < ay — the first object was "worse" than the second by the factors considered. 

Pairs of objects were characterized by comparison vectors Sy. The principle of generalized criteria and so-called 
lexicographic approaches were useful for research — with a strong preference on a set of particular criteria. In this 
variant, the objects were equivalent (ay ~ ay), and their estimates corresponded to the established minimum values [10]. 

Let us consider the condition: 

Ay~a, xP 2d;, x; 2d; ,i=1,...,m, 
where d; — the given threshold value (sufficiency level); m — the number of indicators under consideration; xj, and 
Xi» — the estimates of the objects being compared (v-th and i-th). 
The direct use of this principle was limited by the possibility of its application in practice, since it implied a strong 
preference on a set of criteria K = {K1, Ko, ..., Km} in the form: 
K, = Kz = K3 2+: = Ky. 
It was more expedient to set a metrized multiplicative relation of linear order, that is, to apply a generalized 
criterion. 


In this case, 
m 


m m 
ay >a, > a,K;(a,); ay~a, o> a; K;(a,) = » a,K; (a,)- 
i=1 i=1 i=1 


Here a; — the coefficients satisfying, for example, the condition 


Yia=1 


i=1 

The task was to determine the components of vector B in accordance with the 4-th stage of evaluation and to 

construct an indicator z, approximating an objectively known or specially specified (training) matrix of paired 
relationships between artificial objects (in [11] these were vehicles): 
Q =ll Ork llpp - 

Here p — the number of artificial objects under consideration, which determined the size of the matrix Q; g:x — the 


elements of the matrix; r, k — the artificial objects on the numerical axis "better — worse”. 
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On the z axis, the square of the distance between the r-th and k-th artificial objects (protection options) had the form: 


d,,(B) = (z, ~ a)? = y bj(x,j —. 2) , 
j=l 


D(B) =|l drt llop - 


The matrix D (B) was evaluated using the functional 


yay=5" [dy (B) — dra. 


r=1k=r+1 
The desired integral criterion was the function Z, if J(B) was minimal and the vector B corresponded to the set 
conditions. The obtained indicator was used to assess the technical condition of the surface quality as a result of 
corrosion and its deceleration due to the addition of salicylidene-aniline (Table 1, Fig. 1). 


Table | 
Anticorrosive properties of Salicylidene-aniline for St3 steel 


Sample S, 10+ Am = mo — Inhibitor Mass corrosion index j, | Protective ability 
number m? on m, T concentration, % | g/m*h(j=Am/S-t) | of inhibitor Z, % 
1 10.22 120 3.4590 0) 2.8205 = 
2 10.11 120 0.7815 0.01 0.4793 TTA 
3 11.9 120 0.3363 0.1 0.2542 90.2 
4 11.13 120 0.1805 0.2 0.1482 94.8 


As it can be seen from the table and Fig. 1, the corrosion damage of the steel surface decreased with an increase in 
the concentration of salicylidene-aniline. 

To explain the anticorrosive activity and good adsorption ability of N-salicylidene-aniline on a steel surface, its 
photoinitiated structural rigidity was theoretically studied. This made it possible to find out in which tautomeric form 
this structure had a high energy of complexation of adsorption complexes on the surface of the protected metal [12-16]. 

Photochromic transition of the ketone form to the enol form was provided by proton transfer between the isomeric 
forms of the N-salicylidene-aniline molecule. 

The semi-empirical method of quantum chemistry PM3 (parametric method 3) was used for a detailed 
determination: 

— sequences of elementary stages of the main photochromic process; 

— geometric characteristics of all intermediate and final photo-colored systems; 

— charge distributions on atoms [17]. 

Salicylidene-aniline, like other anilines, is of interest because of the intramolecular hydrogen bond formed between 
oxygen and nitrogen atoms in a more stable cis-enol form. In fact, the forms of OH and NH are in equilibrium. 
Depending on the position of the hydrogen atom in this connection, O—H—N anils exhibit two tautomeric forms: enol- 
imine and keto-enamine (Fig. 2). The cis form is more stable. But the trans form has a better adsorption capacity. 


Tautomerism occurs under the influence of external factors such as radiation, temperature and pressure. 


H 1,5 H 


ZN ph sph 
a) b) 
Fig. 2. Keto-enol tautomerism: a — CA (enol); b — keto form 
When the temperature decreases, the enol form turns into a ketone form. We proved that it was better adsorbed on 


the steel surface. Cis-enol is colorless. When irradiated with ultraviolet light, it turns into a red trans-ketoform. The keto 


isomer can be reversibly discolored thermally or photochemically under the action of visible light [18]. 
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Discussion and Conclusion. The results of the study suggest that salicylidene-aniline actively inhibits corrosion of 
St3 steel. The degree of protection reaches 77.4—94.8 %. 

Quantum chemical calculations using the semi-empirical PM3 method allowed us to explain the photochromism of 
salicylidene-aniline due to keto-enol tautomerism. Due to the monomolecular prototropic acid-base dichotomy, 
salicylidene-aniline has photochromism and luminescence. This distinguishes it from other azomethines. 

The structure of the adsorption complex with higher stabilization energy was revealed, which explained the better 


adsorption capacity of the keto form of the inhibitor. 
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Abstract 

Introduction. About a third of employees of medium and large agricultural enterprises work in hazardous and harmful 
conditions. It is worth clarifying that the situation in this area is constantly changing, information may become outdated. 
The presented scientific work is designed to solve this problem. New information should be considered and 
systematized to study current data. The work objective is to analyze recently published official statistics on the impact 
of working conditions on the health of agricultural sector workers and, in particular, women. In addition, the problems 
of the formation and development of occupational diseases of women employed in agriculture are considered. 

Materials and Methods. The data of the Federal State Statistics Service, the Ministry of Health of the Russian 
Federation, as well as the works of foreign and Russian scientists who studied the peculiarities of work in agriculture 
were used as research materials. Official statistics data were summarized in the form of tables, visualized as diagrams. 
The illustrative material allowed us, in particular, to compare the indicators, to identify the most significant risks 
associated with the work of women in the agro-industrial complex. 

Results. About 35 % (that is, more than a third) of the personnel of medium and large enterprises of the agro-industrial 
complex are women. Many of them work in harmful and dangerous conditions. From 2015 to 2021, the corresponding 
minimum recorded figure was 26.4 % of all women employed in agriculture, the maximum was 37 %. Generalized 
Statistical data suggested that from 2015 to 2021 the situation was not significantly improving, a downward trend was 
not formed. If to speak about hard work, the proportion of women performing such functions increased from 13.8 % to 
17.7 %, that is, by 2021 the situation noticeably worsened. We noted the progress with strenuous labor processes in 
agriculture. The proportion of women engaged in such jobs almost halved: from 3.5 % to 1.8 %. Physical overload, 
which functionally overstrain the organs and systems of the body, should be recognized as a particularly harmful factor 
for agricultural sector workers. The most problematic industry from the point of view of women's health was animal 
husbandry. 

Discussion and Conclusion. The results of the work allow us to conclude about the unsatisfactory working conditions 
of women in agriculture. The situation can be improved by state control, mutual interest of employers and employees in 
the organization of workplaces and the compliance with labor protection requirements. A systematic approach should 


reduce the number of occupational diseases among women, improve the health indicators of agricultural workers 
Keywords: women's health, occupational diseases, harmful and hazardous working conditions, physical overload 
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AHHOTalna 
Beedenue. Oxono TpeTu coTpyqHHL cpeqHUX HW KpyIHbIx CeJIbCKOXO3AHCTBECHHBIX TIpeAIpHATHH paOoTaroT B OMAacHbIx 


WM BPeAHbIX YCIOBHAX. CTOHT YTOUHHTb, 4YTO CHTyalHA B STON ciepe NOCTOAHHO MeHseTCA, HHPOpMallA MOXKET 
ycTapeBaTb. YkKa3aHHy!0 MpoOsemy UpH3BaHa PeWINTb MpesxcTaBeHHad Hay4Hasd paooTa. Jina u3sy4eHHA aKTYaJIbHBIX 
TaHHBIX CyleqyeT pacCCMaTpuBaTb HW CHCTeMaTH3HpOBaTb HOBbIe cBeyeHuA. Lem uccneqoBaHua — aHasIM3 HeaBHO 
OlyOMKOBaHHOM OPUUMAIbHOM CTATHCTHKH O BO3JeHCTBHH YCIOBHM Tpyqa Ha 340poBbe paOOoTHHKOB arpocektTopa H, 
B YaCTHOCTH, 2KeHUHH. Kpome Toro, paccMaTpuBaroTca mpoOsembl (OpMUpoBaHHA UM pasBUTHA MpocdbeccHOHasIbHbIX 
3a00]1eBaHHi %KCHIHH, 3AHATBIX B CEJIbCKOM XO3AHCTBE. 

Mamepuaavi u memoov. B kauectBe MaTepHalloB UCCIeqOBaHHA MCHOMb3OBaNINCh CBeyqeHHA DexepasbHou cyxKObI 
rocyfapcTBeHHow cTaTucTuKu, MunuctepctBa 3qpaBpooxpaHenua PO, a TakwxKe TpyAbl 3apyOexKHBbIX WM POCCHiCKHX 
YUCHBIX, KOTOpbIe M3y4aIH ocobeHHOcTH paOoTbI B CeuIbCKOM xo3siicTBe. JlaHHbIe OdulMabHOW cTaTHCTMKU 
oOobmjanmuch B Bue TaONMU, Bu3yaIM3HpoOBaIMcb Kak MarpaMMbl. ViwioctpaTMBHblii MaTepHall mMo3BONHI, 
B YaCTHOCTH, COMOCTaBHTb HOKa3aTesIH, BbIXBUTb HaMOosIee CyI[eCTBCHHbIe PHCKH, CBA3AHHbIe C paOoTOM 2 eHUIHH 
B arpOlpOMBIMVICHHOM KOMIIeKCe. 

Pezyismamot ucciedoeanua. Oxono 35% (TO ecTb OoMee TpeTH) MepcoHala cpeqHHX UM KPyNHBIX MpexIpHATHH 
arpOMpoMbILWIeHHOrO KOMIMIeKca — 93TO 2%eHIMHbI. Muorue 43 HUX TPYAATCA BO BPeAHbIX MW OMACHBIX YCIIOBHAX. 
C2015 no 2021 rr. coorsetcTByrioujMi MHHMMaIbHbIM 3apUKCHpOBaHHbIM MoKa3aTeb — 26,4 % v3 BCeX 2KeHIIHH, 
3aHATBIX B CeJIbCKOM XO3AMCTBe, MaKCHMaJIbHBI — 37%. OOoOmjeHHbIe cTaTHCTH4eCKHe aHHble MO3BOAIOT 
yTBepxyaTb, uTo c 2015 mo 2021 rr. cuTyalMa cyuecTBeHHO He ysly4llaeTca, NOHMKAIOWIMM TpeHy He (opmupyetca. 
EcuIM 2ke TOBOPHTb O TAKEIBIX paOoTax, TO TOJIA X2KCHUIHH, BbINOUHAIOWMX Takve PYHKUMM, yBerMunnach c 13,8 yo 
17,7 %, To ectb kK 2021 rofy cuTyalMa 3aMeTHO yxyflIMacb. OTMeTHM TIporpecc Cc HallpsxKeHHbIMH TpyOBbIMU 
TIpOWeccaMuH B CesIBCKOM xo3slicTBe. JlosIA 2KCHLIMH, 3AHATEIX TAKHMM PaooTaMH, COKpaTHIacb MOUTH BABOe: C 3,5 % oO 
1,8 %. OcoOeHHo BpewHBIM [Id paOOTHHL arpoceKTopa UPOM3BOACTBEHHBIM (pakKTOPOM CyIeAyeT UpH3HaTb PusnyeckHe 
Tleperpy3KH, KOTOpble PYHKUMOHAIbHO MepenalipsraioT opraHbI HW cHcTembI opraHH3ma. HanOonee mpoOmemHaa 
C TOUKH 3PCHHA 2%KCHCKOTO 3QOPOBbA OTPACIIb — 2KUBOTHOBOCTBO. 

O6cystcoenue u 3aKkirovenue. Pe3ylbTaTbl paOoThI MO3BOIAIOT CCaTb BEIBO O HEYOBJICTBOPHTCJIBHBIX YCIOBHAX 
Tpyda %KeHIIMH B CeIbCKOM xo3siicTBe. CuTyaljMi0 MOryT YJIY4IMTb ToOcyapcTBeHHbIM KOHTPOJIb, B3aMMHaad 
3aHHTepeCOBaHHOCTh padoTosateel H paOOTHHKOB B OpraHH3allMH padOounx MecT H COOMOAeHHM TpeOoBaHHit OxpaHBEl 
Tpyta. CHCTeMHBIM MOXOX AOMKeH COKpaTUTb 4YNCIO MpodbeccHoOHaMbHbIX 3a00MeBAaHHM Cpe 2%KCHIMH, YITYYWIMTb 
TOKa3aTesIM 10 30pOBbIO padoTHHUL arpocdepsl. 

KsroyeBbie CI0Ba: 370POBbe 2KeCHIHH, NpodeccMoHabHble 3a00eBaHHA, BpeAHbIe U OMACHbIe ycNOBMA Tpyya, 


(pu3H4eckne Meperpy3kKH 


B.aarojapHoctTn: aBtop BbIpaKaeT ONarozapHocTs DexepabHoH ciy2KOe TOcyapCTBeHHOM CTATHCTHKH 3a OTKPbITI JOCTyT 


(rosstat.gov.ru) K JaAHHbIM 00 YCJIOBHAX Tpy a, IPOH3BOJICTBCHHOM TpaBMaTH3Me HU TIpodeccHOHasIbHBIX 3a00IeBaHHAX. 


Aaa WaTupoBanua. Koutapesa B.IO. Ipodeccnonanbuaa 3a00eBaeMOCTb XKCHIIHH, CBA3AHHAA C YCIIOBHAMH Tpylla B 
CesIbCKOM XO3AHCTBE. Bezonacuocmb MeXHOZEHHbIX u npupoounoix cucmem. 2023;7(3):24-33. 
https://doi.org/10.23947/2541-9129-2023-7-3-24-33 


Introduction. Women's health is an important medical and social problem. Many areas depend on its solution, 
including the socio-demographic situation [1]. Health is determined by a number of heterogeneous factors, including: 

— economy; 

— ecology; 

— social security (income, availability of medical services); 
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— nutrition; 

— attitude to bad habits.. 

A person can spend up to 1/4 of his or her life in the workplace, so health largely depends on the production 
environment. The problems of occupational safety and women's health are not only actively discussed in society, but 
also require close attention of the authorities. It is necessary to take into account that the situation in the field is 
constantly changing, and the information is outdated. Using data that does not correspond to the current state of the 
problem will prevent its solution. The presented scientific work is designed to eliminate this drawback. The relevance 
involves consideration and systematization of new information. Thus, in December 2023, Russia approved the National 
Strategy of Action in the Interests of Women for 2023-2030. One of its priorities is to preserve women's health!. The 
Labor Code contains provisions on occupational safety and women's health?. Decree of the President of Russia 
of 04.03.1993 No. 337 "On the priorities of state policy in relation to women" declares the need for priority provision of 
women's rights to occupational safety, protection of their life and health, taking into account the function of 
motherhood’. It should be recognized that in some cases, the working conditions of women remain unsafe and harmful, 
and the state of health is unsatisfactory. 

The study objective is to analyze recently published official statistics on the impact of working conditions on 
women's health. In addition, the problems of the formation and development of occupational diseases of workers 
employed in the agricultural sector are considered. 

Materials and Methods. The paper considers Russian and foreign literature devoted to the problem. These 
materials are compared with the data of the Federal State Statistics Service and the Ministry of Health of the Russian 
Federation. This approach made it possible to systematize and show in dynamics the information about the number of 
women working in hazardous and harmful working conditions, and about the potential threat to their health. A 
comparative analysis was carried out, which established similar and different risks for men and women employed in the 
agro-industrial complex. The information was summarized, presented in the form of tables and diagrams. Processing of 
a significant digital array gave grounds to speak about the representativeness of the material and the validity of the 
proposed conclusions. 

Results. A significant part of the working population of the country is involved in agriculture. Therefore, by the end 
of 2021, almost 900 thousand people worked in the agro-industrial complex of Russia. Here and further we will provide 
the analytics without taking into account small and microenterprises, since Rosstat has not published the relevant data. 
Of these 900 thousand, 313 thousand people (about 35 %, that is, more than a third) were women* °. 

A significant proportion of those employed in jobs with working conditions that did not meet the requirements of 


legislation remained in the country as a whole (Fig. 1) and in the agricultural sector (Fig. 2) [2]. 
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Fig. 1. The share of employees engaged in work with harmful and (or) hazardous working conditions, % 


' Ob utverzhdenii Nacional'noj strategii dejstvij v interesah zhenshhin na 2023-2030 gody. Decree of the Government of the Russian Federation No. 4356-r 
of 29.12.2022. Consultant Plus. URL: _ http:/Avww.consultant.ru/document/cons_doc_LAW_436691/0ab1d11f34aa37bd186ca7948792439bf4b2d4c 1/ 
(accessed: 31.05.2023). 

a Labor Code of the Russian Federation. No. 197-FZ of 30.12.2001. Consultant Plus. URL: 
http://www.consultant.ru/document/cons_ doc LAW_34683/ (accessed: 31.05.2023). 

3 O pervoocherednyh zadachah gosudarstvennoj politiki v otnoshenii zhenshhin. Decree of the President of the Russian Federation No. 337 
of 04.03.1993. Consultant Plus. URL: http://www.consultant.ru/document/cons_doc_LAW_1591/ (accessed: 31.05.2023). 

4 Uslovija truda.  Proizvodstvennyj travmatizm. Federal State Statistics Service. URL: _ https://rosstat.gov.ru/working conditions 
(accessed: 31.05.2023). 

> Sostojanie uslovij truda rabotnikov organizacij Rossijskoj Federacii po otdel'nym vidam jekonomicheskoj dejatel'nosti. Federal State Statistics 
Service. URL: https://rosstat.gov.ru/folder/11110/document/13264 (accessed: 31.05.2023). 
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Fig. 2. The share of employees engaged in work with harmful and (or) hazardous working conditions in agriculture, % 


This and the following similar figures require explanation. Each column of the chart shows the proportion of 
agricultural sector employees working in various unfavorable conditions. Everything counts from 100 %. In this case, 
for example, in 2015, out of the total number of employees (100 %), 29.6 % worked in harmful and (or) hazardous 
conditions. Out of 100 % of men, it was 31.6 %; out of 100 % of women it was 26.4 %. 

From 2015 to 2021, 29.6-45 % of the staff had harmful or hazardous working conditions in agriculture, and the 
declining trend line was not fixed (see Figure 2). During these years, about a third of agricultural workers (26.4—37 %) 
worked in dangerous and hazardous conditions. 

Hazardous and harmful working conditions in agriculture are associated with factors of the production environment 
(Fig. 3, Table 1), the severity (Fig. 4) and the intensity of the labor process (Fig. 5). 
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Fig. 3. The share of agricultural workers exposed to various harmful factors of the production environment, % 


As you can see, acoustic factors, vibration, chemicals and microclimate influenced most often people. 
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Table 1 
The number of agricultural sector workers exposed to adverse factors of the production environment 
Y Number of Are under the influence of these factors, people, %* 
r 
“ar | people Total 1 5 3 4 5 6 7 8 9 
53411/ | 12313/ | 5690/ | 20236/ | 1901/ | 2431/ | 278/ | 21817/ | 25787/ 
seal iii eect 4.6 3.3 1.5 5.4 0.5 0.7 0.1 5.8 6.9 
17115/ | 12211/ | 6631/ | 20397/ | 1930/ | 2017/ | 235/ | 21552/ | 22320/ 
mice lcaeasuad BONES 44 3.1 1.7 5.2 0.5 0.5 0.1 5:3 5.7 
15852/ | 10730/ | 5129/ | 21192/ | 1790/ | 1446/ | 131/ | 21319/ | 18142/ 
nol, pe ree pennies s 44 3.0 1.4 5.9 0.5 0.4 0.0 5.9 5.1 
15250/ | 8577/ | 5128/ | 20507/ | 1958/ | 656/ 98/ | 20308/ | 11994/ 
a0KS [penne Pee 4.5 2.5 1.5 6.0 0.6 0.2 0.0 5.9 3.5 
15321/ | 7138/ | 5273/ | 21335/ | 2021/ | 545/ | 153/ | 22669/ | 9905/ 
ay |e POOH eee 4.5 2.1 1.5 6.2 0.6 0.2 0.0 6.6 2.9 
13726/ | 7123/ | 5144/ | 19554/ | 1903/ | 486/ | 165/ | 21129/ | 7826/ 
ay [eee ane 4.2 2.2 1.6 6.0 0.6 0.1 0.1 6.5 2.4 
12314/ | 7014/ | 4456/ | 18523/ | 1578/ | 280/ 94/ | 19132/ | 5945/ 
202), jelene® Racd/2t 3 3.9 2.2 1.4 5.9 0.5 0.1 0.0 6.1 1.9 
* | — chemical; 2 — biological; 3 — aerosols, mainly of fibrogenic action; 4 — noise, ultrasound, air, infrasound; 
5 — vibration (general and local); 6 — non-ionizing radiation; 7 — ionizing radiation; 8 — microclimate; 9 — light 
environment. 


Therefore, the workplaces of 26.4—28.4 % of employees did not meet the standards. Unfavorable conditions were 
primarily noise, air ultrasound, infrasound, chemistry and microclimate. Of the factors described above, women were 
the least likely to experience vibration. 
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Fig. 5. The share of people employed in stressful labor processes in agriculture, % 


First of all, we should note the increase in the share of those engaged in hard work. In general, this indicator 
increased from 14.3 % to 19.3 %. The corresponding figures for women — from 13.8 % to 17.7 %. In addition, 
Figures 4 and 5 show that the share of people in stressful labor processes decreased from 6.1 % to 4.1 % in general and 
from 3.5 % to 1.8 %, if we talk about women. 

The negative phenomena described above create risks for the development of occupational and professionally 
caused diseases. Among the branches of the Russian economy, agriculture ranks fourth in terms of such ailments, as 
well as related disability’. Diseases caused by physical overloads, functional overstrain of organs and body systems 
were recorded especially a lot (about 51 %). In second place was the impact of physical factors (about 22.5 %). The 
third was the harmful effect of aerosols, mainly fibrogenic ones (about 13 %), and chemicals (about 8.5 %) [2]. 

Of the primary identified occupational pathologies of agricultural workers, diseases of the musculoskeletal system 
and connective tissue (radiculopathy, musculotonic syndromes, myalgia, myofibrosis of the forearms, epicondyle of 
humerus, etc.) were most common (64.8 %). 10.3 % were respiratory diseases (occupational bronchitis, bronchial 
asthma, etc.). Injuries, poisoning and other consequences of external influences, as well as diseases of the skin, nervous 
system, ear and mastoid process were recorded in 11.6 % [2]. 

Studies of domestic and foreign scientists confirm the impact of factors that form harmful and hazardous working 
conditions on the health of women in agriculture. In particular, hard work was considered, in which employees lifted 
weights of more than 10 kg every day. 2/3 of such women suffered from pain in the spine (mainly in the lower back), 
cervical and thoracic sections. This reduced the quality of life and provoked such health risks as overwork and 
premature menopause [3]. Heavy female labor was a common cause of musculoskeletal diseases of the lower back, 
shoulders, knees and especially wrists [4]. Severe conditions and exposure to chemicals turn into reproductive health 
problems [5, 6]. Lipid metabolism disorders were widespread among postmenopausal women in the agricultural sector, 


which indicates the risks of cardiovascular diseases [7]. 


® Glavnyj vneshtatnyj specialist profpatolog. Planiruemye rezul'taty dejatel'nosti. Otchet glavnogo vneshtatnogo specialista profpatologa Minzdrava 
Rossii za 2019 god. Ministry of Health of the Russian Federation.URL: https://minzdrav.gov.ru/vneshtatnye-spetsialisty/glavnyy-vneshtatnyy- 
spetsialist-38/plan-38 (accessed: 18.07.2023). 
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The working environment in agriculture provoked allergic respiratory diseases. The reasons were organic 
substances, solid particles of biological origin (organic dust) with mold and microorganisms. Such a suspension can 
cause allergic reactions, rhinitis, asthma, exogenous allergic alveolitis, pneumonitis [8], [9]. Vibroacoustic factors of the 
production environment in agriculture can contribute to hearing impairment [10]. 

Judging by the list of possible diseases, the situation in animal husbandry was particularly difficult. Here, women 
were at risk of diseases of the neuromuscular apparatus, peripheral nervous system, heart and blood vessels, digestive 
organs, movement, and the female genital sphere. Conditions of pig breeding enterprises can provoke chronic tonsillitis, 
myocardiopathy associated with focal infection. Those employed in poultry farming were diagnosed with diseases of 
the upper respiratory tract and skin infections. In crop production, female workers suffer from vegetative-vascular 
disorders, hypertension, diseases of the peripheral nervous system. Under the influence of pesticides, chronic coronary 
insufficiency, diseases of the heart muscle, gastrointestinal tract, liver and biliary tract developed. Severe dustiness 
caused nonspecific lung diseases [11]. 


As a result of investigations of cases of occupational pathology, the main causes of acute occupational and chronic 


occupational diseases were established (Fig. 6). 5] 
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Fig. 6. Causes of occupational diseases, %: a — acute; b — chronic 


Let us clarify that the diagrams in Fig. 6 reflect only the most significant, according to experts, causes of ailments. 
Part (a) does not take into account shortcomings in the use of personal and collective protective equipment, 
emergencies, lack of timely first aid. Part (b) does not take into account violations of industrial sanitation and 
occupational hygiene, insufficiently good working conditions, weak mechanization and automation. 

Studies of working conditions and occupational diseases in agriculture indicate non-compliance with sanitary and 
other standards established to protect the health of workers. Let us name some violations: 

— there was no regular monitoring of working environment factors, labor processes, industrial and sanitary facilities; 

— the rules of workplace organization, requirements for equipment, facilities, transport were not observed; 

— preliminary and periodic medical examinations of employees engaged in harmful and hazardous production 


conditions were not carried out [12]. 
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—————— ees 

The following measures will contribute to the normalization of working conditions and the prevention of 
occupational diseases of agricultural workers: 

— compliance with legislation in the field of occupational safety and women's health; 

— sufficient financing of occupational safety measures; 

— regular inspections and scheduled preventive repairs, modernization of equipment — a source of harmful and 
hazardous factors; 

— control of technical processes and technological equipment of workplaces; 

— mechanization and automation of production; 

— organization of work, adequate to the nature and scope of work performed, technological process; 

— compliance with the work and rest regime, depending on the severity and intensity of work; 

— step-by-step production control of working conditions, sanitary and epidemiological condition and ergonomics of 
workplaces; 

— taking into account standard norms and special assessment of working conditions to provide employees with 
collective protection, individual protection, special clothing and footwear, as well as monitoring their use; 

— special assessment of working conditions to reduce the impact of the identified negative factors of the production 
environment and the labor process; 

— introduction of modern digital tools for training, instruction on occupational safety, first aid; 

— timely medical examinations and compliance with doctors' prescriptions; 

— maintenance of equipped medical offices, psychological relief departments, sports and recreational facilities in 
working condition; 

— immunization and seasonal prevention of respiratory diseases; 

— promotion of a healthy lifestyle. 

Discussion and Conclusion. Many women employed in agriculture work in unsatisfactory conditions. About a third 
of employees are affected by negative factors. The severity and intensity of production processes contribute to the 
development of occupational diseases. To improve the situation, state control over the state of working conditions and 
occupational diseases is necessary. It is necessary to develop and implement measures for the protection of women's 


labor and health, including in agriculture. 
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Abstract 

Introduction. Ensuring high reliability and safety of operation of passenger elevator units is largely determined by the 
implemented maintenance conditions (MC). The frequency of performing preventive actions depends, first of all, on the 
level of elevator utilization. Time, power indicators and the degree of remaining life are used to evaluate it. Among the 
time indicators, the net machine time coefficient (NMT) and the turn-on frequency are accepted, which are random 
variables depending on a number of internal factors characterizing the operating conditions of the unit. The work 
objective is to establish the relationship between the average values of NMT, as one of the main indicators of the load 
of the elevator unit, and the main internal factors. 

Materials and Methods. The research was carried out on the basis of processing and generalization of statistical 
materials of dispatching control of time indicators of a number of passenger elevator units. 11 elevators were randomly 
selected, differing in the number of floors, the specific number of residents using the elevator, and the speed of 
movement of the cab. Graphical-analytic methods were used to construct empirical dependences of NMT on the number 
of residents, the speed of the cab and the number of floors of the building. Along with the technical parameters of the 
elevator, random changes in the NMT indicators for individual periods of the day were taken into account. 

Results. Empirical dependences of the NMT on the main internal factors — the density of occupation, the number of 
floors of the building and the speed of the cab movement were established. Mathematical models provided results 
adequate to experimental values. The error when comparing the calculated data with the actual data did not exceed 
10 % in most cases. 

Discussion and Conclusion. The value of the empirical dependencies obtained consists in the ability to assess the 
workload of units during the current period of operation without additional multi-day measurements. Empirical 


formulas can be used as basic relations in simulation modeling at any stage of the life cycle. 


Keywords: passenger elevator, technical condition, workload indicators, maintenance interval, machine time 


coefficient 
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AHHOTauHA 

Beedenue. OOecneuenve BEICOKOM HaexKHOCTH HU Oe30MacCHOCTH SKCIIyaTaHu WaccaxKUpCKUX JIMPTOBbIX yCTaHOBOK 
BO MHOTFOM OlIpeyleyfeTcA peaIM3yeMbIM PexKHMOM UX TexHHMyecKoro oOciy2KHBaHHA (TO). Uactota BEInomHeHHA 
MpodusakTHYeCKHX BO3AeMCTBUM 3aBHCHT Mpexye BCerO OT YpOBHA 3arpy2KeHHOCTH JIM*Ta, WIA OWCHKH KOTOporo 
MCIOJIb3YIOTCA BPCMCHHBI€, CHJIOBLIC MOKa3aTeJIM M CTeMeHb OTPaOOTKH pecypca. B kayecTBe BPeMeHHEIX MoKa3zaTeseli 
IIpHHATBI KOIP@HUMeHT YMCTOTO MallMHHOrOo BpemMeHH(KMB) u yacToTa BKIIOYCHHH, KOTOPbIc ABIIAIOTCA 
CyYaHHbIMH BeEIMYMHAaMH, 3aBHCALMMU OT pAJja BHYTPeHHHX (baKTOPOB, XapaKTepH3yIOWMX yCOBUA IKCIIyaTalHHu 
ycTaHoBKH. Llembio JaHHOl paOoTI ABJIAeTCA YCTaHOBJIeHHe B3aHMOCBA3H CpeqHHX 3HayeHHH KMB, kak ogHOro u3 
TIaBHBIX WOKa3aTesiei 3arpy2KeHHOCTH JIM@TOBOM yCTaHOBKH, H OCHOBHBIX BHYTPCHHHX (:paKTOPOB. 

Mamepuansi u memoodvi. ViccneqopaHua BbINOHeHbI Ha OcHOBe OOpadoTKH HM OOOOMIeHHA cTaTHCTH4YeCKHX 
MaTepHaloB JMCHeTYepCKOTO KOHTPOJIA BPeCMeHHEIX NoKa3zaTesel pala WaccaxKHpCKUX JIMPTOBLIX yCTaHOBOK. 
CryuaiiHbimM o6pa30M oToOpaHp 11 mupToB B WOMaX, OTNIM4AIOWIMXCA 9TAKHOCTbIO, KOJIMYCCTBOM >KHJIBI[OB, 
TIOUb3YIOWUXCA MTOM, H CKOpOCTBIO ABMKeHHA KaOuHbI. Jat MOCTpoeHHA SMMIMpM4yecKHxX 3aBucHMocTeHh KMB 
OT 4HCIa %KMIbIOB, CKOPOCTH KaOHHbI WH 93TAKHOCTH OMA HCIONb30BaHbI TpadoaHamuTM4eckue MeToAbI. Hapsaay 
C TCXHHYCCKMMH HapaMeTpaMH JIMPTa YYUTHIBAJINCh CyyaliHble W3MeHeHHA TWOKa3zaTeei KMB mo BpeMeHH CyTOK. 
Pezsyismamot ucciedoganua. YctaHoBieHbl 3MMMpHyeckwe 3aBucHMocTH KMB oT oOcHOBHBIX BHYTPeHHHX 
(bakTOpoB — IMJIOTHOCTH 3aCeJIeHHA JOMa, ITAKHOCTH 3aHHA WM CKOpOCTH ABMKeHuA KaOnuHBI. MatremaTuueckue 
MOjeIH OOeCHeYHBaIOT NOJyYeHHe pe3yJIbTAaTOB, aJ{eCKBATHbIX IKCICPHMCHTAIbHBIM 3HaYeHHAM. Ouim0Ka pH 
CpaBHeHHH pacueTHBbIX JaHHBbIX C (aKTHYeCKHMH He IIpeBbilasa B OObIIMHCTBe CryyaeB 10 %. 

O6cystcoenue u 3akmo4uenue. 3Ha4eHHA MOYYCHHBIX IMMMPHYCCKHX 3aBHCHMOCTEM alOT BOZ3MOXKHOCTb OLCHHBAaTb 
3arpWKEHHOCTb YCTaHOBOK B TeKYWIHi MepHod dKcIIyaTayHH 6e3 NpOBeAeHHA AOMOMHUTCIBHIX MHOTOJHEBHBIX 
3aMepoB. IMMMpHyecKHe POPMyJIbI MO2XKHO HCIONb3OBATb B KAaYeCTBE Oa30BbIX COOTHOWICHHM pH HMHTAalMOHHOM 


MOJCJINPOBaHHs B TIPOH3BOJIBHOM CTaJMW 2KU3HCHHOYO LIHKIia. 


KoroueBbie cJI0Ba: mut nlaccaKupcKnit, TCXHHACCKOe COCTOAHHE, MOKa3aTeCJIN 3arpy2XKCHHOCTH, WepHOAHYHOCTb 
TeXHHYeCKOTO oOcIyKHBaHHA, Ko3pmunwentT MaliHHHOrO BpeMeHn 


BaaroqapHocTH: aBTopbl BbIpaxKaloT OsarofapHocTh KomwIeKTHBy OAO «JIudtCepsuc» r. Poctosa-Ha-Jjony 
3a IIpeOCTaBICHHble BO3MOXHOCTH HCIOIb30BaTb aHHble perysApHbIX HaomOFeHHM 3a padoToM MHpTOBBIX 


yCTaHOBOK. 


Aisa unTupospanns. Xa3sanopuyl.1U., Anppmmkuy J.C. Ouenka BIMAHHA BHYTPeHHUX akTOpoB Ha WoKa3aTesH 
3arpWKEHHOCTH WaccaxKMPCKHX JIM@TOBBIX YCTaHOBOK Ha OCHOBe pe3yJIbTAaTOB perysApHOrO MOHMTOpHHTa. 
Bezonacnocmb mexuozennvix u npupoduoix cucmem. 2023;7(3):34—43. https://doi.org/10.23947/254 1-9 129-2023-7-3- 
34-43 


Introduction. Elevator unit utilization during operation depends on a number of internal factors, which include the 


number of floors of the building, occupation density of the building, the characteristics of the elevator unit, etc. The 
level of elevator utilization has a direct impact on the technical condition of its components throughout the entire life 
of the unit. One of the methods of ensuring the necessary technical condition of the elevator is its timely maintenance. 
A number of researchers have attempted to determine the optimal frequency of maintenance of elevators, taking into 
account the actual load of the system. In the work "On the control of the technical condition of elevator ropes based on 
artificial intelligence and computer vision technologies" AV Panfilov, AR Yusupov, AA Korotkiy, BF Ivanov 
considered the use of artificial intelligence and computer vision technology to control the technical condition of 
elevator ropes [1]. Researchers from China and the Netherlands analyzed a scientifically based choice of strategy and 
frequency of maintenance [2—6]. They came to the conclusion that the universal target function should be economic 
indicators. To justify such a decision, the statement is given that "maintenance and emergency failures are closely 


Machine Building 


Se, 


https://bps-journal.ru/ 


36 


Safety of Technogenic and Natural Systems. 2023;7(3):34-43. eISSN 2541-9129 


related to the reliability of elevator equipment, but differ in the nature of this relationship and economic consequences. 
The increase in maintenance costs leads to a reduction in emergency failures and to a reduction in costs associated 
with liquidation and losses due to downtime." Thus, on the one hand, the costs of maintenance are increasing; on the 
other hand, the costs of ensuring reliability are decreasing. Therefore, some universal ratio is taken as the objective 
function, for example, the so-called reduced costs, which takes into account the main economic components. 

Modern dispatching control systems allow for constant monitoring of the elevator condition, as well as to obtain 
temporary indicators of the operation of its main components: the net duration of operation and the turn-on frequency 
of the main drive of the elevator'?. On the basis of the listed time indicators, a methodology for determining the 
frequency of maintenance is built. Time indicators can also be attributed to operational data, on the basis of which the 
authors of the article previously conducted a study of cases of failures in the operation of passenger elevators [7, 8]. 

Materials and Methods. To assess the influence of internal factors on indicators of passenger elevator units 
utilization, the results of dispatcher records of temporary data on the operation of passenger elevator units in Rostov- 
on-Don were used, as well as the hypothesis about the relative duration of the machine cycle, indicating that the 
coefficient of the machine time of the elevator unit depends on the following main factors: the number of floors of the 
building— N, the number of tenants in the entrance — Z, the number of tenants using the elevator — Zo, the average 
speed of the cabin — Vp, m/s, load capacity — R, people, the number of apartments in the entrance — M,, the number 
of apartments in the entrance, the residents of which do not use the elevator — Mx [9]. 

As shown in paper’, the average machine trip time (excluding stops for passengers entering and exiting) is 
proportional to the number of floors of the building. This dependence is cited by DS Apryshkin in his dissertation 
"Assessment of the technical condition of machines with cable traction based on simulation modeling’. 

For the purpose of the study, the authors selected 11 elevator units in residential buildings in Rostov-on-Don 
(Table 1). A preliminary analysis of the results of computer records of dispatching control showed that the values of 
NMT differ significantly during the day and at night [9]. 


Table | 
Initial data of the results of computer NMT control 
Average turn-on frequency 
Address of the Average NMT See ta 
eas M./ in min., NMT 
Elevator | building and type of Z, Vpacu, 
N/R Mix, 
no. elevator / number of people | m/s 
entrances app. day night | general day night | general 
1 Orbital'naya, 68/1 9/5 171/19 303 0.63 0.252 0.065 | 0.197 2.61 2.606 | 2.609 
Belyaeva, 22/2 9 212/20 
2 Passenger 9/5 106/10 144 0.63 0.119 0.036 | 0.095 2.361 2.380 | 2.366 
3 Passenger 9/5 106/10 240 0.63 0.2 0.046 | 0.155 2.054 | 2.103 2.068 
Kapustina, 14/3 9 144/12 
4 Passenger 9/5 36/4 72 0.67 0.077 0.017 | 0.060 3.807 | 4.282 | 3.945 
5 Passenger 9/5 36/4 99 0.67 0.085 0.02 | 0.066 3.067 | 3.360 | 3.152 
6 Passenger 9/5 36/4 111 0.67 0.055 0.015 | 0.043 3.162 | 4.320 | 3.500 
Kosmonavtov, 37/2 18 140/2 
7 Passenger 18/5 35/2 65 0.91 0.167 0.031 | 0.127 2.004 | 2.367 | 2.110 
8 Service 18/8 35/2 43 0.91 0.105 0.048 | 0.088 2.213 | 2.445 2.281 
Panovoi, 30/1 24 
9 Passenger 24/5 108/0 310 1.35 0.234 0.038 | 0.177 2.265 | 2.164 | 2.236 
10 Passenger 24/5 108/0 347 1.35 0.276 0.05 0.210 2.219 | 2.433 2.281 
11 Service 24/13 | 106/0 165 1.35 0.137 0.021 | 0.103 2.083 1.886 | 2.025 


'Dispetcherskii kompleks «OB"». User's Manual. RE 3434-001-49739805-07. URL: https://Ikds.ru/upload/docs/pdf/general/RE_3434-001-49739805- 
07_5.pdf (accessed: 11.04.2023). 

°Sistema liftovogo dispetcherskogo kontrolya i svyazi SLDKS-1. User's Manual. P.1. Product specification ESAN.484457.001RE. URL: 
http://www.mnppsaturn.ru/ftp/public/doc/sldks/re%20sldks-1m%201.pdf (accessed: 11.04.2023). 

3Apryshkin DS. Otsenka tekhnicheskogo sostoyaniya mashin s kanatnoi tyagoi na osnove imitatsionnogo modelirovaniya. Author's abstract. Rostov-on-Don, 2023. 
21 p. URL: https://www.dissercat.con/content/otsenka-tekhnicheskogo-sostoyaniya-mashin-s-kanatnoi-tyagoi-na-osnove-imitatsionnogo-modelir/read 
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Constant values of factors: h=3 m — interstorey distance; Ny=1 — the number of floors the residents of which do 
not use the elevator. 

On the basis of the data presented, the dependencies of the machine time coefficient Km on the number of passengers 
using the elevator, Zo are constructed (Fig. 1). 

For elevators in buildings with 9 and 24 floors, NMT is statistically directly proportional to the value Zo. The 
numbers of points on the graphs correspond to the data in Table 1. 

The exceptions are the positions of points 4 and 6. These deviations in experimental dependencies are quite 
acceptable, taking into account the formation of pure machine operating time of the elevator as a stochastic process 
under the influence of many random factors. The graphs in Fig. | reflect the approximate position of the straight 
lines Kms=f(Zo), the exact position of the lines is obtained by the least squares method [10]. 


Km N=9, v=0.63-0.67 m/s N=24, V=1.35 m/s 


35 


100 200 300 Z, people 


Fig. 1. Dependences of Kms machine time coefficient on the number of residents using the elevator for average daily data processing 


The graphs in Fig. 1 clearly show that NMT-K,, linearly depends on the number of passengers using the 
elevator, Zo, and with an increase in the speed of the cabin, v, NMT decreases. 
When constructing mathematical model (1) of the average NMT value, a structure consisting of three factors was 


adopted: “nt — takes into account the angle of inclination of the straight line depending on the time period of the day; 


Mai : i ‘ : 
Zi(1 — a — the number of tenants using the elevator; ae) — the function of NMT change from the ratio of the 
ki base 


elevator speeds taken as the base, Vise, and the elevator with a specific speed, Veaic.i. Elevator N=9 with an average 
speed, Vbase=0.65 m/s is taken as the base. In this case, the lines Km=f(Z;) pass through the origin: 
am Mxii Voacu.i 
Kn 2 5, OG, (1) 
where i=1, 2, 3 etc. determines the number of a straight line with a fixed value of the average speed of the cab, Veaici, 
along which the Kni values are concentrated depending on the number of residents of the house (entrance) using the 
elevator: 

i=! — elevators with an average speed Veatc.1=0.63—0,65 m/s; 

i=2 — elevators with an average speed Veatc.2=0.91 m/s; 

i=3 — elevators with an average speed Veatc.3=1.35 m/s; 

Au — coefficients of NMT reduction in the night period, determined based on the processing of monitoring results 
(Table 1): for N=9 and vj=0.63...0.67 m/s — Awi=3.0; for N=18 and v2=0.91 m/s — Aw=3.5; for N=24 and v3=1.35 m/s 
— hw=4.0; for day mode: N=9, v;=0.63 and 0.67 m/s — Am=0.773; N=18, v2=0.91 m/s — Aw=0.721; N=24, 
v3=1.35 m/s — \3=0.669. 


Ami — angular coefficient of the basic dependence Kmi=a@,,;-Zo; for the rightmost point of the basic linear 
dependence at Z=303 people, Zo=269 people, Kmi=0.197 we get (see the first line of Table 1): 
0.197 ea.NMT 
Ami = Seg: = 0.00073 Cee ). 
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(eae) — linear function that takes into account the influence of the ratio of the lowest speed, V1=Vbase=0.65 m/s, 
base 


to the actual speed of the elevator, Veatc.2=0.91, Veatc.3=1.35 et al. 
Let us set the form of the function @ Caalet), using the data in Table 2. The function must pass through points 
base 


Ami» m2 ANd A,y3 Table 2 provides numerical characteristics for these points. 


Table 2 
Numerical characteristics of points Q@1,@mz and Am3 
Points 1 2 3 
v, m/s 0.65 0.91 1.35 
Knmax 0.197 0.192 0.186 
Zo.max 269 300 347 
Omi 0.00073 0.00064 0.00054 


The equation of a straight line passing through two points, | and 3 
Let us denote Qj; = y; . = x. Coordinates of points 1—x;=1; yi=1; 


3—x3=1.35/0.65=2.08; y3=0.00054/0.00073=0.762. Equation of a straight line: 


k=1 yal 


208-1 0.762-1° 
after simple transformations, we get y=1.22—0.22x. 


Then © (“estes = 1.22-0.22 “S06! Equation (1) takes the form 
base base 


m Mii Vpacu.i 
Ki = FE Zi — 4) + (1,22- 0,22 BS), (2) 
Results. Assessment of the calculation results reliability according to formula (2), Kmncaic., in comparison with the 
data of dispatcher records, Km, is given in Table 3. 


Table 3 
Comparison of calculation results and dispatcher records data 
No. i Vpacu.i, m/s Zi, people | Mxii, people. | Mui, people. Kan pacs, Kno. 
1 1 0.65 240 106 10 0.152 0.150 
3 1 0.65 99 36 4 0.062 0.063 
4 2 0.91 130 35 4 0.094 0.120 
5 2 0.91 143 35 4 0.081 0.080 
6 3 1.35 310 108 0 0.166 0.166 
7 3 1.35 165 108 0 0.089 0.090 


As can be seen from expression (2), the number of floors of building N is not explicitly included in the formula. 
Indirectly, the influence of N is manifested through Zo. The influence of Zo (50...300 people) and Veatc. (0.6...2.0 m/s) is 
shown in Fig. 2. As follows from these dependencies, with an increase in the average speed of the elevator, Veatc.i, the 
NMT decreases almost proportionally. With an increase in the occupancy of the house, the NMT increases 
proportionally. 

Thus, in a wide range of influencing factors, mathematical model (2) provides results adequate to experimental values (the 
deviation of experimental data in comparison with the calculated ones does not exceed 10 % in most cases) and allows predicting 
the value of NMT when the most important factors change — the density of occupancy of a building or entrance and the speed of 
movement of the cabin, on which the elevator equipment utilization largely depends. 

At the same time, ratio (2) takes into account the influence of only two factors on the NMT: Zo, and Vcp. The value 
of N is not directly included in the formula, which limits its application and reduces visibility in practical use. This 


formula generalizes only the set of data from regular observations limited by Table 1. 
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km 

0.35 
0.30 
0.30 
0.25 
0.20 0.19 
0.15 0.14 
¢ 0.11 
0.10 
km=0.92 
0.05 
| Zo=155 people 
0 50 100 150 200 250 300 Zo, people 
Fig. 2. Calculated dependences of NMT on the number of residents of the building (entrance), Zo, using the elevator, and the average 


speed of the cab 


Let us use another approach to derive the general ratio Km=f(N, Vep, Zo). Previously conducted researches? proved 
that the average value of NMT is proportional to Zo, and the proportionality coefficients for buildings of different floors 
differ significantly. So, for elevators N=9 and v.p=0.63 m/s the coefficient ee the ratio of the increment of 


Ax 
NMT Ax, to the increment of the number of residents using the elevator Azo, is —~ = 0.075 ere for elevators 
A K, 
N=24 and vep=1.35 m/s ——*@ = 0,055 —““™ _, 
Azo 100 people 


These data indicate the dependence of the specific NMT 


mo tt e., per registered tenant using the elevator) on two 


main factors — the number of floors of the building N and the average speed of the cabin Vp. 

With an increase in the number of floors, the average number of flights passed by an elevator in one cycle increases 
in direct proportion to the number of floors. With a constant number of cycles per unit of time to ensure the necessary 
capacity of the elevator, the machine cycle time will increase proportionally with the increase in the number of floors. 
With an increase in the average speed, the duration of the trip and the machine time are proportionally reduced. 

If we denote the coefficient of influence of the listed factors N and Vcp on the specific NMT axm, then in the first 


approximation the dependence axm=f(N, Vey) has the form: 


1N 
Okn=Ckm0te ae (3) 

K ts i : 
where oxmo=0.0004 ace — the minimum value of the specific NMT recorded as a result of processing dispatcher 


surveillance data. 
Using experimental data and the given logical reasoning, we obtain a generalized dependence of the specific NMT 


on N and Vep: 


0,00228N 
Axn=0,0004 + tase (4) 
The dimension of quantity [axm]= ose In expression (4), the specific NMT is proportional to the number of 


floors of the building and inversely proportional to the average speed of the cabin. The substantiation of the structure of 
formula (4) was made according to recommendations [10, 11], the selection of constants K; and Kz was carried out 
according to the methodology [12, 13]. 
Dependences @xn=f(N, Vp) in graphical form in the ranges of variables N=(9...24), v=(0.6...2.0 m/s) are shown in Fig. 3. 
Using an example for an elevator that is not included in the number of objects of regular observations, we will show 
the calculation of NMT using expression (4). Initial data: N=16; v.,=1 m/s; Zo=250 (2.5x100) people. 


Calculation results: 


Oxm=0.0004 + 22278" — 9.0004 + a= 0.0569 —akm _ 
Vep—9.358 0.358 100 people 


Estimated NMT of the elevator unit: 
K,,=0.0569- 2.5=0.142. 
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Formula (4) is valid for N=9...24, v.,=0.6...2.0 m/s, with an arbitrary number of residents Zp and allows you to 


determine the preliminary value of the NMT when assessing the elevator mode of operation utilization. 


It should be noted that strict regularities for another important indicator (the specific number of turns-on per unit of 
net machine time, np) could not be established. Let us note that the relationship between Ky and n is not traced (Table 4 


and Fig. 4). 


Km 


0.25 


0.20 


0.15 


0.10 


0.05 


0.06 


N=24, 


N=22, 


« e+ ot 


1.00 


N=18, 


N=16, 


N=14, 


N=9 


N=9, v=0.63 m/c 


-N=24, v=1.35 m/c 


2.0 v, M/c 


Fig. 3. Dependence of the specific NMT on the number of floors of the building and the speed of the elevator 


Fig. 4. Relationship of random values of nep. and Kimep. 


Table 4 
Average values of elevator operating modes 
Elevator no. 1 Z 3 4 5 6 7 8 9 10 11 
NMT Coefficient | 0.190 | 0.089 | 0.149 | 0.056 | 0.063 | 0.040 | 0.145 | 0.065 | 0.088 | 0.107 | 0.080 
n, 1/min. NMT 2.45 2.13 1.90 3.43 2.75 2.86 1.95 1.83 3.08 2.25 1.89 
Np, 1/min Net machine time 
0 0.05 0.10 0.15 0.20) km 
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The results of data processing of daily monitoring of the operation of elevator units with different characteristics in 
different types of residential multi-storey buildings, as well as of the same type or identical elevator units in one multi- 
entrance structure are presented in Table 4. The main indicators of the operation mode of the main drive of the elevator 
vary widely: NMT — five times, from 0.04 to 0.19, the number of turns-on per minute of net machine time — 

1.87 times, from 1.83 to 3.43. NMT objectively characterizes the net time spent by all elements of the elevator in 
working condition, the values of this coefficient for most units are at a low level (0.05 ...0.2). This indicates a 
significant underloading of the main drive and other components. The specific number of turns-on determines the 
frequency of application of dynamic loads on the drive, ropes, cabin structure and other components. The characteristic 
value of the number of turns-on is from two to three per minute of net machine time, in terms of the hourly frequency of 
turns-on, this will be 120 ... 180 turns-on, which is quite acceptable for the engine, gearboxes and braking devices used. 

Discussion and Conclusion. When designing and implementing maintenance systems for passenger elevator units, it is 
necessary first of all to determine the level of loading of their main power elements — the engine, gearbox, rope pulley, ropes, 
etc. [14]. Among the most important indicators of the degree of loading of the system, the NMT and the frequency of turns-on 
should be taken into account. The most reliable way to predict these indicators is statistical processing of dispatcher control data 
for the operation of elevators. The presented empirical dependences of the machine time coefficient on the number of floors of 
buildings, the number of residents using the elevator, and the speed of the cabin are also basic for the simulation of the time 
indicators of the operation of elevator units being put into operation, as well as elevators that are not equipped with a dispatch 


control system. 
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3aABNEHHbIU KAO Coaemopos: 

T.IU. Xa3aHopuy — dopmupopaHe OCHOBHOM KOHIeMIHu, Welu U 3aqauM ucCcCHeqoOBaHuA, MopadoTKa TekctTa, 
OlleHKa JOCTOBEPHOCTH pe3yIbTaTOB, KOPPeCKTHPOBKAa BBIBOJOB. 

J.C. AnppiukwH — BBIBO] aHalIMTHYeCKHX COOTHOIICHH, MORTOTOBKa TeKCTa, aHau3 pe3yIbTaToB 


MccyIeqOBaHHh, cbopMupoBaHne BbIBOJIOB, IIPOBCCHHe pacueTosB. 


Kondauxm uHMepecos6: ABTOPBI 3aABJIAIOT 06 OTCYTCTBHU KOH@JIMKTa MHTCpecos. 


Bce aemopbl npOYUmMaIU U odo6punu OKOHYAMEbHbIU 6apuaHm pykKonucu. 
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Abstract 

Introduction. Non-destructive methods are most often used to assess the condition of the metal structure. Dangerous 
stress is determined by the value of the yield strength. This approach has weaknesses. This is, firstly, the probabilistic 
nature of the methodology (the minimum value of the indicator obtained during laboratory tests is entered into the 
regulatory and technical documentation). Secondly, the limitations on the number of samples should be overcome. 
Thirdly, the different duration of operation causes a significant difference in the mechanical characteristics of the metal, 
which to a certain extent complicates the long-term prediction of the condition of the structure. The presented work is 
designed to solve these problems within the framework of the study of new and long-operated facilities in the Rostov 
region. The scientific research objective is to analyze fatigue changes and determine possible degradation of the metal. 
Materials and Methods. The mechanical characteristics of the material under study were reliably described by the 
Weibull distribution law through the shear parameter (the minimum possible value of the characteristic) and the shape 
parameter (magnitude dispersion). For scientific research, the indentation method based on a modified Rockwell 
hardness estimation method was used as part of the work. A conical indenter was embedded in the surface, then the 
reaction of the metal was analyzed. To implement the method, an analog-to-digital converter and a laptop were used. 
For correlation analysis, intermediate characteristics were taken: depth, maximum and minimum velocities, maximum 
and minimum acceleration of cone insertion. A correlation was established with the mechanical characteristics 
determined by standard tensile and hardness tests of the metal. 

Results. Objects with zero and long-term operation were studied. The measurements were carried out in a warehouse, 
production site, stadium, bridge, Palace of Sports and on a power line support. From the group of new and used 
structures, one was selected for a detailed fixation of the values of yield strength. So, before the start of operation, the 
condition of three metal trusses of the warehouse was analyzed. It was established that the lowest value of the yield 
strength here was 240 MPa, the maximum was 345 MPa. On the power transmission line poles, which have been in 
operation for 43 years, the lowest recorded value of the yield strength was 235 MPa, the highest was 384 MPa. For each 
of the six structures, the minimum and average distribution of the metal yield strength values was given, and the 
coefficients of variation of this indicator were given. The recorded values were summarized in the form of a table. The 
average values for all new and used designs were calculated. Graphically presented data illustrate the growth of the 
coefficients of variation of the yield strength with increasing service life. 

Discussion and Conclusion. A comparative analysis of the obtained values of the yield strength of building structures 
of approximately the same strength class suggests that the influence of operating time can both increase and decrease 
the studied indicator. At the same time, long-term operation is a factor that increases the average value of the coefficient 
of variation. To monitor the strength capabilities of the structure, it is advisable to use a non-destructive method, 


selectively monitoring the mechanical characteristics of the elements before and during operation. 


Keywords: non-destructive testing, metal yield strength, metal of the structure in operation, metal degradation 
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AnHOoTanHa 

Beedenue. J\na owenku cocTosHua MeTasiuia KOHCTPyKIHMH alle BCerO MpHMeHAIOT Hepa3pyllarouiMe MeTOLBI. 
OnacHoe HalipsKeHHe OnpeyemaeTcaA 10 3HAaYeHMIO Mpeyesa TexyyectTH. Y Takoro MOAXxoa ecTb cyaOble MecTa. JTOo, 
BO-II€pBbIX, BEPOATHOCTHAA MIpHpoOda MeTOAUKU (B HOPMATHBHO-TeXHHYeCKYIO JOKYMeCHTALMI0 BHOCHTCA MAHHMAaJIbHOe 
3HaYeHMe NOKazaTeliA, MOMYYeHHOe pu WaOopaTOpHbIX MCIbITaHHAX). BO-BTOpbIX, CleqyeT IpeosoleTs orpaHuyeHna 
mo unMcTy oOpa3yoB. B-TpeTbux, pa3Had JVJIMTeCbHOCTb 9KCIyaTayuu OOyCIOBIMBaeT 3HAYMTeIbHYIO pa3HUlly 
MeXaHWueCKHX XapaKTepHCTHK MeTasWIa, YTO B HW3BeCTHOM CTeMeHH OCIOKHAeT WONTOcpounoe MporHo3upoBaHue 
cOcTOsHHA KOHCTpyKuMH. IIpegctaBnenHad paOoTa MpH3BaHa PeIMTb ITM 3alqadH B paMKaX MCCIIeOBaHHA HOBbIX 
WM aBHO 9KCIIyaTHpyeMbIx OObeKTOB B PocTosckoi oOsacTu. Lemb Hay4HbIxX H3bICKAHHH — aHasIM3 yCTaJIOCTHBIX 
VW3MeHeHHH U Ope eseHHe BO3MOXKHOL erpayaluu Metaswia. 

Mamepuanei u memodoi. Mexanwueckue xXapakTepHCTHKH UCCIIeqyeMoro MaTepHasia FOCTOBepHO OTIMCbIBaIOTCA 
3aKOHOM paciipeyenenia BeviOyna uepe3 NapaMeTp cyBura (MHHHM@JIbHO BO3MO%KHOe 3HaYeHHe XapaKTepHCTHKH) 
Ww MapamMetp (opMbI (paccenBaHve BeMYMHbI). JIA HaydHbIX U3bICKAaHHi B paMKax paOOTHI 3aelCTBOBaIH MeTOL 
WHJCHTHpOBaHHA, OCHOBAHHBIM Ha BHOM3MeHeEHHOM criocobe oeHKH TBepyocTH no Poxsenmy. Konwueckuit 
WHICHTOp BHepsxeTcA B MOBeEPXHOCTb, 3aTeM aHaIM3MpyeTca peakiMa Metama. J[na peanM3ayuH MeTOya 
BOCIIOJIb30BaIMCb aHaJIOrOBO-LM@poBbIM TpeoOpa3z0BaTesiem H HOyTOyKoM. Ja KOppeIAUHOHHOTO aHaH3a Opa 
TIIPOMe@*KYTOUHbIe = XapakTepHCTHKM: YityOMHa, MaKCHMaJIbHat WM MMHMMAaJIbHad CKOPOCTH, MaKCHMaJIbHoe 
MW MHHMMA@JIBHOe yCKOpeHHe BHEpPeHHA KOHYyca. YcTaHaBJIMBalaCh KOPpelAIMA C MCXAHHYCCKMMH XapaKTepHCTHKaMH, 
OnpeesIeHHbIMH 0 CTAaHJapTHbIM MCIbITAHHAM Ha pacTsMKeHHe U TBEPAOCTb MeTasia. 

Pe3yiemamol ucciedoeanua. Vi3ysanuch OObeKTHI C HyeBOM HM MHOrOsIeTHeH 9KCIUIyaTayMel. 3aMepbl MpoBOAMIN Ha 
ckulaye, IpOu3BOACTBe, CTaquoHe, MocTy, BO J[Bople cnhopTa u Ha Onope JHHUH deKTporepeyay. M3 rpyntibl HOBBIX 
WM OTpaOoTaBLIMX COOpyxKeHHH BbIOpaIM 10 OAHOMY Ald NOApOOHON puKcalun 3HayeHHi MpeyzeuoB Texyyectu. Tak, 
WO Havasla IKCIIyaTalMH WpoaHaMu3upoBasIM COCTOAHHe Tpex MeTaWIMYecKHX (bepM ckafla. YcTaHoBeHo, 4TO 
HavMeHbIle 3HaYeHHe Tpeseta TexyyecTu 3yecb — 240 MIla, mMakcumanbHoe — 345 MIla. Ha onopax smmunu 
3u1IeKTponepeyay, ObIBLIMX B IKcIIyaTauun 43 rofa, caMoe HH3KOe 3aPUKCHpOBaHHoe 3HadeHHe Mpesesa TeKyyecTH — 
235 MIla, camoe Bpicoxoe — 384 MIla. J[na kaxyoro 43 WecTH CoopyxXeHHH MpHBOAUTCA MHHMMaJIbHOe U cpeHee 
pactipeyesreHue 3Ha4YeHHM Mpeyenwa TeKyYecTH MeTala, abl KOSPPHUMCHTEI BapHalMH 9ZTOTO MoKa3zaTesaA. 
3acPuKcupoBaHHble 3HayeHHA OOOOMIeHEI B Bue TaOmMubl. PaccuuTaHbl cpeqHwe MoKa3aTeH MO BCeM HOBbIM 
WM OTpaOoTaBlIMM KOHcTpykuMaMu. Tpaduyeckn mpescTaBsIeHHble JaHHble WJIIOCTpHpyIOT pocT KoopPuLHeHToB 
BapHallHu peyea TeKy4ecTH C YBeIMYeHHeM CpoKa dKCIUIyaTalHn. 

O6cyscdenue u 3aKniovenue. CpaBHMTesbHbIM aHasIM3 MOUyYeHHbIX 3HaveHHi Mpeseswa TeKyYeCTH CTPONTeIIbHbIX 
KOHCTpyKUMi pHOMM3HTeIbHO OJHOTO Klacca MpOYHOCTH MO3BOAeCT MpeAMONOKUNTb, 4YTO BIHAHHeE BpeMeHH 
OKCIUIyaTaljMH MO%KeT KaK YBCJIM4MTb, TaK HW YMeHBINMTb HCCIIeLyeMbI MoKa3atenb. IIpu 9TOM IMTeIbHAaA 
9KcIiIyaTauHa — (akTop, yBeIM4MBaIOWHH cpefHee 3Hay¥eHHe KoodduuMeHta Bapvayun. Jia MOHUTOpHHTa 
IIPOYHOCTHBIX BO3MOXKHOCTel KOHCTPyKUMH WelecooOpa3Ho 3aeHcTBOBaTb Hepa3pylWlaloluii MeTOA, BbIOOpOuHO 


OTCJICHKUBAA MCXAHH4eCKHE XapakTeCpHCTHKH SIICMCHTOB JO HW B Npowecce sKCiiiyaTawuu 


Machine Building 


45 


https://bps-journal.ru/ 


46 


Safety of Technogenic and Natural Systems. 2023;7(3):44-54. eISSN 2541-9129 


Koro4ueBbie C10Ba: Hepa3pyllarouiuih KOHTPOJIb, ipewes TeKYAeCTH MeTasiia, MCTaJi1 9KcCIUIyaTHpyeMon KOHCTPyKUHH, 


AerpawawuaA MeTaswuia 


BaarojapHoctn: aBrop BbipaxkaeT rryOoky!o0 Npv3HaTembHOcTh Amexceto Huxonaepuyuy beckorbiibHoMy u AHypero 


AHaTOJIbeBHYy BepemeeHko 3a TIOMOIIb B oOcleqOBaHHu MeTAJIIOKOHCTpyKUMH. 


Ana wuTupopannsa. Bepuesu H.JI. Kosdppununent Bapvaluu mpeyemwa Teky4ecTu MeTaliia HOBbIX HU oToe BpemMa 
SKCIUIYaTHpOBaBIIHXCA CTPOMTeJIbHBIX KOHCTpyKuMi. Bezsonacnocmb mexnozeHHbix u npupodHbix cucmem. 
2023;7(3):44—54. https://doi.org/10.23947/254 1-9 129-2023-7-3-44-54 


Introduction. In diagnostics, restoration, reliability assessment or reconstruction of long-used steel structures, it 
becomes necessary to find out the mechanical characteristics of metal, including its fatigue indicators. For plastic 
materials, which include steel structures, dangerous stress is determined by the yield strength value. As it is known, it 
has a probabilistic nature; its minimum value obtained during laboratory tests of a limited number of samples is entered 
into the regulatory and technical documentation. In most cases, the metal structure condition is assessed using non- 
destructive testing. 

Mechanical characteristics (in particular, yield strength) undergo certain changes while in service [1]. The study 
provides a comparative analysis of the yield strength values of the metal of one strength class in structures before 
operation and after decades in use. The values of the yield strength were obtained during the examination by the non- 
destructive indentation method. 

Many sources describe metal changes during the operation of the structure. At the same time, there is no single point 
of view regarding the direction of such transformations. Much depends on the nature of the material and the duration of 
operation. Thus, in the nuclear power industry, the metal of structures almost does not change over 30-40 years of 
operation [2]. In [3], there is a decrease of almost 40 % in the cyclic strength of steels 20 and 45 after 15 years of 
storage. The authors of [4] emphasize that 40 or more years of operation of the main gas pipeline have almost no effect 
on the mechanical characteristics of steel. At the same time, in [5], a decrease in plasticity is recorded with a constant 
value of the strength limit of the gas pipeline metal after 37 years of operation. In [6], the danger of gas pipeline failures 
during long-term operation due to degradation processes in the metal is indicated. In [7], a decrease in impact strength 
after prolonged operation is described. 

For 17G1C steel, in the first years of operation of the gas pipeline, there is an increase in strength with a decrease in 
ductility. In the period from 20 to 30 years of operation, there is a steady decrease in both strength and ductility [8]. 
Obviously, with significant differences in service life, we can expect a significant difference in the mechanical 
characteristics of the metal, which complicates the long-term prediction of the condition of the structure. The approach 
proposed in this article is designed to overcome this and the limitations mentioned above: the probabilistic nature of the 
indicator and the insufficient number of samples. 

Several objects in the Rostov region with zero and long-term operation were examined. As a result, new data on the 
yield strength of real metal structures were collected and summarized. The objective of the presented scientific work is 
to analyze the changes and to assess the possible degradation of the metal. 

Materials and Methods. Let us try to quantify the changes in the mechanical characteristics of the metal. To do 
this, we consider the same structural elements before and after long-term operation. Such monitoring is periodically 
carried out in relation to the metal of the main pipelines. At the same time, it is even possible to predict the residual 
durability of the material [9, 10]. However, it is difficult to implement such an approach for other metal structures. In 
this case, you can use the information obtained by the method of non-destructive testing of metal. Ensuring the 
correctness of such data assumes that: 

— similar constructions are compared; 

— the controlled elements are made of metal of the same strength class; 

— the sample of processed data is quite representative. 

The authors [11] claim that the strength class of steels for metal structures is determined by certain intervals of yield 
strength, strength and elongation. Hence, it is necessary to compare metals with mechanical characteristics that fit into 
these intervals. For example, for steel of strength class C-285, the yield strength is allowed in the range from 265 MPa 
to 285 MPa, i.e. it is determined with an error of 7.55 %. 

Only non-destructive methods are suitable for the diagnosis of the existing structures. For example, acoustic 


emission is used for: 
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— finding defects in metal [12]; 

— monitoring of the stress state [13]; 

— detection of fatigue crack growth [14] in pressure vessels; 

— determination of the beginning of active metal cracking [15]; 

— control of welded joints [16, 17]. 

At the same time, the issues of the optimal arrangement of devices for determining defects in structures of complex 
shape are solved [18]. 

With the help of electromagnetic control, the specified hardness of the metal is fixed [19]. In addition, methods of 
direct mechanical interaction with metal during indentation are used to assess: 

— the residual stresses in the metal [20]; 

— the initial value of the yield strength [21]. 

Mechanical characteristics are reliably described by the three-parameter Weibull distribution law!: 

F(X) = 1 exp[-((X — ©)/A)*, 
where X — value of the mechanical property; C — shear parameter that determines the minimum possible value of the 
characteristic; B — shape parameter by which it is possible to judge the dispersion of this property. 

It is obvious that as a result of the impact of operational loads, the average, minimum values of the mechanical 
characteristics of the material may change. As a consequence, the standard deviation and the coefficient of variation of 
the values of mechanical characteristics change. 

The indentation method used in the article is based on a modified Rockwell hardness estimation method. The 
conical indenter is shockingly (not statically) embedded into the polished test surface under the conditions: 

~ energy is 0.16 J; 

~ angle at the top is 90 °. 

Then the reaction of the metal is analyzed. 10 sq. cm. of the free area of the metal [22-24] or the welded joint [25] is 
enough for work. To implement the method, an analog-to-digital converter (ADC) and a laptop were used. With the 
help of the ADC, the dependences of the speed change on the time of the introduction of the conical indenter of the 
mechanical part were obtained. Then the signal was programmatically processed in a laptop and the dependencies of the 
indenter movement and acceleration on time were obtained. Then we took the intermediate characteristics obtained 
from the graphs: depth, maximum and minimum speeds, maximum and minimum acceleration of the cone insertion. 
They became the object of correlation analysis. A correlation was established with the mechanical characteristics 
determined by standard tensile and hardness tests of the metal. As a result of studying metals of various strength classes, 
universal correlations of standard mechanical characteristics from intermediate ones were obtained and recorded. Then, 
when metal was indented, its standard mechanical characteristics at the point under study were almost immediately 
displayed on the laptop display. The instrumentation provided the total dispersion caused by the spread of properties in 
the metal and the measurement error. The limit values of the error of one measurement were + 4 %. The ability to 
quickly obtain 10-20 values on a local section of metal eliminated this error. And with the prompt receipt of an 
unlimited number of measurements, a high representativeness of the sample was ensured. Before each examination, the 
device was calibrated: 

— the yield strength was measured on samples with previously known properties obtained during standard tensile 
tests on the IR-200 tensile testing machine; 

— then the adjustment was performed. 

Results. The objective of the study was to obtain a quantitative comparative assessment of the possible degradation 
of metal during long-term operation. For this purpose, the values of the yield strength of steel structures with zero and 
long service life were fixed by the non-destructive indentation method. 

Therefore, new structures were considered: 

— warehouse on Lugovaya Street, 8 in Rostov-on-Don (Table 1); 

— production building on 1|-st Pyatiletki Street, 71 in Bataysk (Fig. 1); 

— columns of the stands of the Torpedo Stadium in Taganrog (Fig. 2). 


' GOST R 50779.27-2017 (IEC 61649.2008). Statistical methods. Weibull distribution. Data analysis. Electronic fund of legal and regulatory 
documents. URL: https://docs.cntd.ru/document/1200146523 (accessed: 19.06.2023). 
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Table 1 
Data from the survey of metal structures of the warehouse at Lugovaya Street, 8 
Yield strength values, MPa 
Truss 12 Truss 15 Truss 18 

240 265 279 298 236 263 277 305 244 270 287 
240 266 280 298 237 263 277 307 244 270 287 
241 266 280 298 237 263 277 307 244 270 288 
241 266 280 299 237 264 277 309 248 271 289 
242 267 281 299 237 264 277 309 249 272 289 
243 267 281 299 237 265 277 312 249 272 289 
243 268 281 300 237 265 278 313 249 273 290 
244 269 282 302 239 266 278 315 249 273 290 
245 269 282 303 239 266 278 317 250 273 291 
247 269 282 303 241 266 278 325 252 273 292 
248 270 283 304 243 266 278 329 252 273 293 
248 270 283 304 243 267 279 332 253 274 294 
250 271 284 306 243 267 280 339 253 274 295 
250 271 284 307 245 267 280 345 254 274 295 
250 271 284 307 246 268 280 351 256 274 296 
251 272 284 307 247 268 281 256 275 297 
251 272 285 308 247 268 281 257 275 297 
251 273 285 309 249 269 282 257 275 298 
251 273 286 309 250 269 282 257 277 299 
253 274 286 309 250 269 283 257 277 299 
253 274 287 312 252 269 284 257 277 299 
254 274 287 313 252 270 284 258 277 300 
254 274 288 313 252 271 284 259 278 300 
254 274 288 313 252 271 285 259 278 300 
255 274 289 314 253 271 285 259 278 301 
255 275 289 314 253 272 285 260 279 301 
256 275 290 315 255 272 286 260 279 306 
256 275 290 315 256 272 286 263 279 311 
257 275 290 316 256 273 287 263 280 312 
258 276 291 317 256 273 287 263 281 313 
258 276 291 317 256 273 287 264 282 315 
258 277 291 318 256 273 288 264 282 316 
258 277 291 319 257 273 289 264 282 317 
258 277 291 320 257 274 289 265 283 318 
258 277 291 320 258 274 289 265 283 318 
259 277 292 320 259 274 290 265 284 320 
260 277 292 327 259 275 290 266 284 324 
260 278 293 339 259 275 291 266 284 324 
260 278 293 343 260 275 293 266 284 326 
261 278 294 343 260 275 295 266 284 326 
261 278 294 346 260 275 295 266 285 331 
262 278 295 347 260 275 297 267 285 333 
262 278 295 350 261 276 297 267 285 340 
262 278 296 352 261 276 300 268 285 345 
264 278 296 353 262 276 301 269 286 345 
264 279 296 353 262 276 302 269 286 

264 279 297 262 276 302 270 286 


Vernezi NL. Variation Coefficient of Metal Yield Strength in New and Long-Used Building Structures 


30 


25 24 


2 2 
20 ‘ ' 12 


15 


= 
i=) 


5 4 


[ 


250 258 261 265 271 276 283 291 303 317 


Fig. 1. Distribution of the metal structures yield strength values of the production building in Bataysk: oTmin = 246 MPa, 
oTcp = 277 MPa, CV = 0.054 


Here and further, the sample minimum ot min, the sample average ot cp and the coefficients of variation of the yield 
strength CV are indicated. Ordinate is a scale of the frequency of values. The numbers above the columns are the 
number of measured values in a specific interval. 
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Fig. 2. Distribution of the metal yield strength values of the columns of the Torpedo Stadium in Taganrog: oTmin = 240 MPa, 
oTcp = 272 MPa, CV = 0.068 


The metal, which had been in operation for several decades, was studied at the following objects: 

— railway bridge at Likhaya station (65 years old, Fig. 3); 

— the roof trusses of the Sports Palace in Rostov-on-Don (39 years old, Fig. 4); 

— braces of load-bearing structures of the power transmission line poles HV line 330 "Novocherkasskaya GRES — 
Yuzhnaya" (43 years, Table 2). 
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Fig. 3. Distribution of the metal structures yield strength values of the bridge at the Likhaya station: 
oTmin = 188, oTcp = 257, CV = 0.127 
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Fig 4. Distribution of the metal trusses yield strength values of the coating of the Sports Palace in Rostov-on-Don: 
oTmin = 238 MPa, oTcp = 263 MPa, CV = 0.11 


Table 2 
Examination results of power transmission line poles HV line 330 
Yield strength values, MPa 
235 244 249 259 275 282 288 357 
236 245 251 261 278 282 291 357 
237 246 255 263 280 282 292 366 
238 246 256 265 280 283 294 380 
239 247 256 269 281 284 295 380 
239 248 259 272 282 286 303 384 


The data in Table 2 were checked for compliance with the three-parameter Weibull distribution law. It was 


necessary to estimate the theoretical, and not the selective minimum value of the yield strength ot min. As a result of the 


calculation, the theoretical value turned out to be less than the selective one by 6 MPa (229). 
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Let us note that the elements of the new structures were not affected by the stress-strain state, and those that were in 
operation for a long time were in a state of: 

— compressed-bendable (upper belts of the coating trusses); 

— stretched-flexed (lower belts of trusses covering); 

— stretched (stretch marks). 

The yield strength values obtained as a result of non-destructive testing are ranked in ascending order for better 
informativeness in Tables 2 and 3. 

The steels of all new metal structures and HV line 330 can be attributed to the strength class C285. The metal of the 
bridge at the Likhaya station has an average yield strength of 8 MPa below the limit specified in [10]. The steel 
structures of the Sports Palace are 11 MPa higher. 


The results of the comparative analysis are shown in Table 3 and Figure 5. 


Table 3 
Research results summary 
Parameters 
Iculati f th fficient of 
. Metal yield strength values, MPa Pee seen errno 
Object variation 
Meaase Minimum in the} Mean oTmin Standard deviation | Average value for 
sample oTmin for objects (MPa) / CV objects 
Warehouse 276 236 23.7 / 0.085 
Production building 277 274 246 239 14.5 /0.054 0.069 
Stadium 272 240 18.5 / 0.068 
Sports Palace 263 256 28.8/0.11 
Electri line H 
ee eeyeryne et 280 | 267 235 226 39.8 /0.142 0.123 
line 330 
Railway bridge 257 188 33,5 /0 ,127 
0.16 
0.142 


0.14 0.197 
0.12 

a 0.085 | 
0.08 0.068 
0.06 0.054 
0.04 
0.02 

0 


Fig. 5. Coefficients of variation of yield strength before and after long-term operation: 1 — stadium, 2 — warehouse, 3 — production 
building, 4 — railway bridge, 5 — electric power line HV line 330, 6 — Sports Palace 


Discussion and Conclusion. Let us compare the average values of the coefficient of variation of new and long-used 
structures. From Table 3 it can be seen that after long-term operation, this indicator will be on average 1.78 times higher 
(0.123 times more than 0.069). The maximum coefficient of variation of the yield strength (0.142) was found on the 
power transmission line poles HV line 330 (43 years of operation). The minimum value of the yield strength (188 MPa) 


is for the metal of the bridge at the Likhaya station, which has been in operation for 65 years. 
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The possible theoretical minimum values of the yield strength decrease relative to the sample values, which can also 
increase the scope of the distribution and, accordingly, the coefficient of variation. 

To monitor the strength capabilities (for example, for the purpose of repair or reconstruction), it is recommended to 
selectively monitor the mechanical characteristics of the metal structure elements by non-destructive method before and 


during operation. 
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Abstract 

Introduction. Publications on sintered metal powder parts consider interparticle bonding in hot-deformed materials and 
features of low-alloy structural steels, as well as the use of carbon-containing materials. The authors of the presented 
article have previously investigated sintering in relation to structural changes in the material, described changes in 
physical and mechanical properties, reduction of oxides, recrystallization, etc. This paper shows the relationship of 
mechanical properties of powder steels with the parameters of intracrystalline bonding. The kinetics of its development 
during sintering is demonstrated for the first time. The study objective is to find out how sintering affects the 
interparticle bonding and structure of powder alloys with iron and carbon. The task is to study the technological modes 
of sintering samples from alloyed and pure iron powder to achieve the best mechanical characteristics. 

Materials and Methods. The powders of the Héganés company were sintered at a temperature of 900-1150 °C for 0.5— 
2.5 hours. The protective gas medium (dissociated ammonia) made it possible to prevent oxidative and other sintering 
reactions. For static cold pressing, a hydraulic press 2PG-125 with a maximum force of 1250 kN was used. 

Results. For the first time, the presence of intracrystalline bonding mechanisms with different intensity during sintering 
has been experimentally established. The dependences of the increment of the relative area of the contact surface on the 
duration of the isothermal exposure were constructed. With an increase in the sintering temperature to 1150 °C and a 
holding time of more than 80 minutes, the contact surface area gradually increased. It was shown that the samples from 
the powder grades under consideration formed an intracrystalline bonding on the entire contact surface at 1150 °C. 
Therefore, this technology can be recommended for practical use. The addition of graphite to the charge slows down the 
growth of the contact surface. At the same time, the molds from pure powder ABC100.30 and from Distaloy HP-1 
powder showed differences. In the first case, with the addition of graphite to the charge, the contact surface developed 
more intensively than in the second one. The obtained results were recorded in the photo and visualized in the form of 
graphs. 

Discussion and Conclusion. According to the results of mechanical tests, it is possible to estimate the proportion of the 
contact section of the molding with intracrystalline bonding. Its feature is the structural correspondence of the 
interparticle surface of the splice and the intergrain boundary. The value of this boundary is determined by comparing 
the relative area of the contact section with the intracrystalline bonding and the relative area of the contact surface. The 
possibilities of improving the quality of bonding of powder steels by increasing the temperature and time of their 


exposure during sintering are determined. 


Keywords: metal powders, interparticle bonding, hot-deformed powder materials, intracrystalline bonding, interparticle 


surface, grain boundary 
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AnHoTayHa 

Beedenue. B nyOnukanuax 0 CieYeHHbIX DeTaax M3 MeTaJWIMYeCKHX MOPOWIKOB paccMaTpHBalOTCA MexKYaCTHUHOe 
cpaljuBaHue B rops4ezedoOpMupoOBaHHBIX MaTepvalax WM OCOOCHHOCTH HU3KOJICrHpOBaHHbIX KOHCTPYKIMOHHBIX 
cTalieH, a TakoKe IpwMeHeHHe yrilepogqocoyepxKaljux MaTepHaloB. ABTOpbl UpefCTaBsIeHHOM CTaTbH paHee 
WCCIIeqOBaIH CiieKaHHe BO B3aHMOCBA3H CO CTpyKTYPHbIMH HW3MCHeCHHAMH MaTepHalia, OMMCbIBaJIM H3MeHeEHHe 
(pH3H4eCKMX HM MeXaHHYeCKHX CBOMCTB, BOCCTAHOBJIeHHe OKCHOB, peKpHcTawiM3alMi0 UT. 4. B WaHHoM padote 
T1OKa3aHa CBA3b M€X@HHYeCKHX CBOMCTB MOPOWKOBBIX CTaslel C MapaMeTpaMH BHYTPHKPHCTAaWIHTHOTO CpallMBaHHa. 
Knuetuka ero pa3BHTHA BO BpeMA ClieKaHHA JeMOHCTpupyetca BrepBble. Llemb uccieqoBaHua — BbIACHHTb, KaK 
cneKaHve BJIMAeT Ha Me*K4ACTHYHOe CpalMBaHHe UW CTPYKTypPy MOPOWKOBBIX CIIAaBOB C %*KeIe30M MU yruepoyoM. 
3aqaua — W3y4MTb TEXHOJIOrHYeCKHe Pe2xKUMBI CileKaHHA OOPa3{OB 3 JIeTMpOBaHHOrO HM YMCTOFO %*Kee3HOro NOpowiKa 
Wid OCTWKCHMA HavTyaWIHX MexXaHHueCcKHX XapakTepHCTHK. 

Mamepuaavi u memoooi. Mopourku dupmer «Xéranec» (Héganas) cnekaru npu Temmepatype 900-1150 °C B Teyenue 
0,5—2,5 4acon. 3alMTHad Ta30Bad cpeya ((HCCOUMMpOBaHHbIM aMMMaK) MO3BOIAa IpeOTBpaTHTb OKHCIIMTeJIbHbIC 
WU Apyrve peakyuu cnexanna. Ja ctraTwueckoro xOOHOrO peccoBaHua 3aelicTBOBaIM TuypaBIMyecKHi pecc 
2111-125 c MaxcumMasibHEIM ycusmmem 1250 KH. 

Pe3ynemamet ucciedoeanua. Briepsble 3KCIepHMeHTaJIbHO YCTaHOBJIeHO HasIM4ve pa3HbIX MO MHTeCHCHBHOCTH 
MeXaHH3MOB BHYTPHKPHCTaIMTHOTO cpalljMBaHia pH cnexanuu. IlocrpoeHbr 3aBucumMocTu mpupaljenua 
OTHOCHTeEIBHOK TWI0WaqH KOHTAKTHOM MOBepXHOCTH OT JJIMTeIbHOCTH W30TepMHYeCKONM BbIZepxKKH. C pocToM 
TeMIlepatypbI ciiekaHua fo 1150°C u Bpemenu BbIZepxKu Oonee 80 MHH TOWaqb KOHTaKTHOM MOBepxXHOCTH 
TocTelleHHo ysBesMuMBaetca. IloKa3aHo, 4TO y oOOpa3ll0B M3 paccMaTpHBaeMBIX MapoK opowKa mpu 1150 °C 
(opMupyeTcaA BHYTPHKPUCTaJIMTHOe cpalljM“BaHHe Ha BCell KOHTaKTHOM MOBepxXHOCTH. CileqoBaTeIbHO, aHHyt!oO 
TEXHOJIOFHIO MOXKHO PCKOMCHAOBATH VIA pakTH4ecKoro UcHoub30BaHHA. JloOaBeHHe B WHXTy rpautTa 3aMeyIAeT 
POCT KOHTaKTHOM NoBepxHocTH. IIpu stom dbopmoBKH 43 HHMcToro Mopomuka ABC100.30 u u3 nopomkKa Distaloy HP-1 
J{¢MOHCTpUpyloT pa3siM4uA. B nepBoM cytyyae c WOOaBIeHHeM B WHXTy rpa:buTa KOHTaKTHad MOBepXHOCTh pa3sBuBaeTCA 
MHTeHCHBHee, YeM BO BTOPOM. IlomyyeHHbIe pe3yIbTAaTbI 3aPUKCHpoOBaHbI Ha (POTO HM BH3yaIM3HpOBaHbI B BHe 
rpauKos. 

O6écyordenue u 3akniouenue. Ilo pe3yibTaTaM MeXaHHYeCKHX UCIIbITaHHH MOXKHO OLWCHHTb OO KOHTaKTHOTO 
ceyeHHa (OpMOBKH C BHYTPHKPHCTaJIIMTHbIM cpaljMBaHvem. Ero mpu3HaK — CTpyKTypHoe cCOOTBeTCTBHe 
M@2XKYACTHYHOH MOBEPXHOCTH CpalljMBaHHA WU MexK3epeHHOM TpaHHUbl. 3HaveHHe STON TpaHHUbl OMmpeyemaeTca pu 
COMOCTaBJICHHH OTHOCHTeIbHOM moWaqH4 KOHTAaKTHOrO cCe4eHHA C BHYTPHKPHCTAJIMTHBIM cpalllMBaHHeM 
MW OTHOCHTEIBHOH TIOWaqbIO KOHTAKTHOHM MOBepxXHOCTH. OnpeyeeHbI BO3MO%KHOCTH MOBbIMIeCHHA KaueCTBa 


CpalqvBaHuA MOPOMWKOBBIX cTasle 3a CueT YBCJINUeHHA TEMIIepaTypbl WH BPCMeCHH UX BbIAeCp2KKH pH CiieKaHHu 


KoroueBbie c10Ba: MeTaslIM4eckHe TIOPOWIKH, MOK YACTHUHOS CpallHBaHHe, MOPOUIKOBBIe rops¥eyzedopMupoBaHHEle 


MaTepHaJIbl, BHYTPHKPHCTaJWIMTHOe CpalivBaHhe, MOK YACTHYIHAA MOBCPXHOCThb, MOK3epeHHad panna 
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Introduction. Sintered parts from traditional and new compositions are widely used in industry. The latter include 
partially alloyed powders, nanopowders. The emergence of new initial structural materials requires additional study of 
the processes of formation of consolidated materials at all technological stages. 

Since the beginning of the 21st century, there has been a growing interest of scientists in this topic [1—7]. For 
example, interparticle bonding during the formation of hot-deformed powder materials has been studied. The features of 
low-alloy structural steels in such processes were described. Deformation and compaction of powder materials were 
considered. In, the authors identified patterns of mechanical properties depending on the heat treatment modes, which 
also affect the quality of interparticle contacts of powder materials. Works [8-10] focus on the study of carbon- 
containing materials for the manufacture of powder parts from hard alloys. In addition, sintering process is simulated 
under various modes. 

In the early works of the authors of the presented article, sintering process was investigated depending on the 
structural changes of the material. The removal of residual stresses after pressing, changes in physical and mechanical 
properties, reduction of oxides, recrystallization, etc. are described. Let us note that sintering of powder steels is a 
complex and not fully studied process. This work continues the study of interparticle interactions of powder steels. The 
relationship between their mechanical properties and the quality of intracrystalline bonding is revealed. The authors 
demonstrated for the first time the kinetics of the development of intracrystalline bonding for the studied materials 
during sintering. Various modes of sintering of samples are analyzed; the proportions of the contact section of the 
molding with intracrystalline bonding of powder materials are estimated. 

The work objective is to find out how sintering affects interparticle bonding and structure of powder alloys with iron 
and carbon. The task is to study the technological modes of sintering samples from alloyed and pure iron powder to 
achieve maximum mechanical characteristics that ensure the formation of high-quality interparticle bonding. 

Materials and Methods. During sintering, the formation of the contact surface of the powder material is considered 
from the standpoint of its initial state, which changes during exposure at high temperature. That is, we are talking about 
a sequential increment of the contact surface. 

For static cold pressing, 2PG-125 hydraulic press with a maximum force of 1250 KN was used. Sintering was carried 
out at a temperature of 900-1150 °C for 0.5—2.5 hours. To prevent oxidative and other sintering reactions, a protective 
gas medium (dissociated ammonia) was provided. 

Iron powders of the Swedish company Hogans [1—3] were used in the work (Table 1). 


Table | 
Types and characteristics of the powders used by the Swedish company Héganis 
Powder type Method of production 
ABC100.30 Spraying of iron melt 
Distaloy HP-1 Double diffusion alloying of Astaloy 85Mo powder: 1.5% Mo+4%Ni,2%Cu 
Data on the total chemical composition are presented in Table 2. 
Table 2 
Chemical composition of the powders studied 
Content of elements, mass. % 
Powder type - - 
C O Mo Ni Cu Mn Si S P 
ABC100.30 0.001 0.04 = = = 0.06 0.007 0.01 0.004 
Distaloy HP-1 0.01 0.08 1,5 4 2 0.08 0.005 0.03 0.003 
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In the processes under consideration, sintering is both a final and an intermediate operation [1—4]. In the first case, 
the consolidation of the material ends at this stage. The sintering process, in addition to structural changes in the 
material, contributes to: 

— removal of residual stresses after pressing; 

— changes in the physical and mechanical properties of the material; 

— reduction of oxides; 

—recrystallization, etc. 

Determining the technological parameters of sintering presses are: temperature regime, sintering duration, 
parameters of pretreatment of material particles by pressure, etc. 

In the second case, the subsequent thermomechanical action plays an essential role in the structure formation of the 
material, and sintering is considered as a preparatory stage, the main purpose of which is the homogenization of the 
metal base. 

With the development of the basic provisions of works [1, 2,5], the essence of the intensity and efficiency of 
sintering was clarified. These indicators allow us to judge the change in size, the development of the structure and 
properties of sintered materials. According to works [5—8], a method for determining the relative area of the contact 
surface of a porous body has been created. 

Results. When sintering charges from ABC.100.30 and Distaloy HP—1 powders, the dependences of the 
development of the contact surface on the initial density, temperature and sintering time were obtained (Fig. 1, 2). At 
the same time, they we guided by the material described in [5]. 


AQxour 
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20 40 60 80 Time, min 
Fig. 1. Dependence of the increment of the contact surface relative area on the duration of isothermal exposure during sintering 


of the molding from ABC100.30 +0.5%C powder for different initial densities and temperatures: 1 — 950 °C,7.35 g/cm’; 
2 — 1150 °C, 7.35 g/cm?; 3 — 950 °C, 6.9 g/cm; 4 — 1150 °C, 6.9 g/cm? 
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Fig. 2. Dependence of the increment of the relative contact surface area on the duration of isothermal exposure during sintering 
of the powder molding Distaloy HP-1+0.5%C for different initial densities and temperatures: 1 — 950 °C, 7.4 g/cm’; 
2 — 1150 °C, 7.4 g/cm?; 3 — 950 °C, 6.6 g/cm; 4 — 1150 °C, 6.6 g/cm? 
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With increasing temperature and sintering time, the contact surface area monotonically increased, the intensity faded 
as the sintering duration increased. 

In molds made of ABC100.30 pure powder with the addition of graphite to the charge, the contact surface developed 
more intensively compared to molds made of Distaloy HP-1 powder. This could be explained. The fact was that smaller 
particles of copper, nickel and molybdenum were baked to the surface of the iron particles of Distaloy HP-1 powder. 
They formed solid solutions in Fey, which complicated the course of diffusion processes (compared to pure metal). As a 
result, the growth of the contact surface slowed down. 

The intensity of the contact surface formation depended on the initial relative density. An increase in this indicator 
slowed down the process, since the approach of the material structure to a non-porous state reduced the driving force of 
consolidation. 

The addition of graphite to the charge slowed down the growth of the contact surface. This was due to a decrease in 
the self-diffusion coefficient of iron atoms, especially at the initial stage of sintering in contact areas with high carbon 
content. 

Let us see how the carbon content affected the strength of sintered alloys under different sintering modes (Fig. 3, 4). 


os, MPa 


500 


400 


300 


200 


100 


20 40 60 = 80 Time, min 


Fig. 3. Dependence of the strength limit of the sintered molding from ABC100.30+0.5% C powder on the time of isothermal 
exposure and the initial density: 1 — 6.9 g/cm?, 950 °C; 2 — 6.9 g/cm?, 1150 °C; 3 — 7.35 g/cm, 950 °C; 
4 — 7.35 g/cm?, 1150 °C 
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Fig. 4. Dependence of the strength limit of sintered molding from Distaloy HP—1+0.5%C powder on the time of isothermal exposure 
and initial density: 1 — 6.9 g/cm’, 950 °C; 2 — 6.9 g/cm?, 1150 °C; 3 — 7.35 g/cm?, 950 °C; 
4 — 7.35 g/cm}, 1150 °C 


The ultimate strength of the material based on ABC100.30 powder with a carbon content of 0.5 % was 610 MPa, the 
ultimate strength of the material based on Distaloy HP—1 powder with a carbon content of 0.5 % was 508 MPa. 


According to the results of mechanical tests and the value of the tensile strength of the reference samples, the 
relative area of the contact cross section with intracrystalline bonding (a’ICB) was determined depending on the initial 
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density and sintering modes of molds made of ABC.100.30+0.5%C (Fig. 5) and DistaloyHP-1+0.5%C (Fig. 6) 


powders. 
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Fig. 5. Kinetics of the development of intracrystalline bonding on the contact surface, depending on the sintering modes and the 
initial density (ABC.100.30+0.5%C): a — 6.9 g/cm?; b — 7.2 g/cm; c — 7.35 g/cm}. 1 — 950 °C; 2 — 1050 °C; 3 — 1150 °C 
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Fig. 6. Kinetics of the development of intracrystalline bonding on the contact surface depending on the sintering modes and the initial 


density (DistaloyHP-1+0.5%C): a — 6.6 g/cm?; b —7 g/cm*; c — 7.4 g/cm’. 
1 — 950 °C; 2 — 1050 °C; 3 — 1150 °C 


The presented dependences indicate that the introduction of graphite into the charge intensified the processes of 
formation of intracrystalline bonding in comparison with materials from a carbon-free charge. The results of the 
research coincided with the data of works [9-11]. 

During sintering at heating and isothermal exposure, the surface layers of iron and graphite particles continuously 
interacted through their contact areas (including the gas phase) [12-15]. Let us note that carbon was an active reducing 
agent of iron oxides, therefore, at temperatures above 500—600 °C, reduction reactions occurred at the places of contact 
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of iron particles with graphite. This contributed to the formation of juvenile contact with subsequent particle fusion. 
Favorable conditions were created for the formation of a carbon-containing gas medium due to reactions between 
graphite and iron particles. The reduction processes were intensified due to a significant increase in the kinetics 
of chemical reactions at the metal — gas interface. The growth was fixed relative to the diffusion coefficients in the 
contact areas of iron particles with graphite and over the entire surface of the particles. Surfaces in contact with the 
furnace atmosphere were also taken into account. At the same time, carbon diffused into iron particles through the 
formed metal contacts on the surface of the particles. Before the transformation of a — y, the formation of a phase 
in the contact points of cementite was most likely. This phase had a more significant carbon diffusion coefficient at the 
temperatures under consideration. This was due to the insignificant dissolution of carbon in a-iron and slow diffusion 
in ferrite. 

If the contact surface of the iron powder material developed more intensively than that of the doped powder 
material, then it was the latter that should be preferred when forming intracrystalline bonding. 

Intracrystalline bonding is formed in two stages: 

— isothermal aging of the molding in the austenitic region; 

— cooling with the decomposition of austenite into a ferrite-cementite mixture. 

The role of the second stage consisted in the predominant development of the interparticle bonding surface as 
aregion of facilitated nucleation of ferrite grains and cementite plates that ensured the migration of the boundary 
through the surface of the physical separation of particles. This was confirmed by the results of microstructural analysis. 
Fig. 7-10 shows the microstructures of the material with different levels of interparticle bonding. 


Fig. 7. Microstructure of the sample from ABC100.30+0.5%C powder after sintering at 1050 °C for 40 minutes, x200 


Fig. 8. Microstructure of the sample from Distaloy HP—1+0.5%C powder after sintering at 1050 °C for 20 minutes, x200 


The presented microstructures are characteristic of a low level of bonding, since the boundary of the powder 


particles is clearly visible. 
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Fig. 9. Microstructure of the sample from ABC100.30+0.5%C powder after sintering at 1150 °C for 40 minutes, x500 


Fig. 10. Microstructure of the sample from Distaloy HP—1+0.5%C powder after sintering at 1150 °C for 40 minutes, x500 


Nonmetallic inclusions identify the former boundary of the physical separation of particles through which ferrite 
grains germinate. That is, the former particle interface is located inside the grain, and this is a sign of intracrystalline 
bonding [16]. 

Discussion and Conclusion. The results of the work allow us to assert that during sintering, the mechanisms of 
formation of intracrystalline bonding are different in intensity [5, 9, 16]. At first, the bonding is fast, then its speed 
decreases. Compressions with the lowest values of the initial density are characterized by the longest duration of the 
process of accelerated development of intracrystalline bonding, which is observed at the first stage. Moreover, with an 
increase in the sintering temperature, the intensity of this stage increases. The formation of intracrystalline bonding on 
the entire contact surface is observed in molds obtained under sintering conditions at a temperature of 1150 °C. The 
peculiarity of molds made of DistaloyHP—1 and ABC100.30 powders has been experimentally established. Under 
sintering conditions, intracrystalline bonding occurs within 60 and 80 minutes, respectively. 
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Introduction. The work focuses on solving quality problems of castings made of Al-Si-Mg alloy (AK9). The paper draws 
attention to the absence of a unified theory of alloy modification and the need to find solutions that ensure good product 
quality. The reasons for bad quality due to the weak justification of the choice of the manufacturer of the initial charge 
material — ingots are considered. Ingots from two suppliers are compared in terms of the structural-phase state. The paper 
shows how it causes defects in castings. The inefficiency of traditional methods of suppressing the formation of brittle 
plates of the iron-containing phase in the alloy of the Al-Si-Mg system due to the presence of Mn in the chemical 
composition of the alloy is noted. If the specified flaw is inherited from the source material, the generally accepted 
approach does not work. The article formulates the recommendations for solving this problem. The introduction of the 
proposed approach into production practice can open the way to solving an important applied task — to improve the 
wording of tasks for tenders. The relevance of the study is due to the widespread use of alloys of the Al-Si-Mg (AK9) 
system in modern mechanical engineering, including in aerospace structures. The work objective is to study the influence 
of the structural-phase state of the source material on the qualitative characteristics of finished castings from the Al-Si- 
Mg alloy system. 

Materials and Methods. Eight casts were analyzed, in which ingots from two manufacturers were used. Radiography 
revealed a correlation between the fracture structure of castings, structure and quality indicators. Scanning electron 
microscopy was used to analyze the microstructure and chemical composition of the phases. When setting quality 
requirements, the authors proceeded from the existing industry and state standards. The conditions of heat treatment of 
samples were taken from the same documents. The spectrograms were visualized as graphs showing the intensity of the 
element peak in the Auger spectrum and the energy of the electrons resulting from the Auger effect. 

Results. The results of radiography gave grounds to assert that the products provided by supplier No. 1 had significant 
advantages in terms of quality. If we focused on the industry standard, the exclusion of the 2nd supplier's ingots from the 
process ensured the production of products without casting defects at the level of 73 %. Otherwise, this figure did not 
exceed 57 %. The rejection indicators were discontinuities, clusters of flaws, high porosity. After melting 5—8, which 
involved the materials of the 2nd manufacturer, the fractures of the samples after rupture were investigated. Locations 
with smooth, viscous and mixed relief are highlighted. An increase of up to x500 made it possible to establish insignificant 
areas with a viscous relief, which was characteristic of brittle fracture by the cleavage mechanism. The absence of 
inclusions and liquations was established. The microstructure of the sections from discontinuous samples was considered. 
It turned out that it corresponded to the modified and heat-treated state of the AK9ch alloy without signs of burnout. 
Individual dark needle-like phases and single pores were noted. The conditions of dispersed Si precipitations, 
Al32Si1oFesMn and Al37SisFesMn chipping, as well as the separation of the Al36Si3Fes6Mn3 phase in skeletal form were 
described. The advantages of the microstructure of ingots samples from manufacturer No. | were listed. It corresponded 
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to the modified state of the AK9ch alloy. The branches of dendrites and the sizes of silicon inclusions were smaller. 
Needle-like phases of AlxSiyFezMng were not detected. 

Discussion and Conclusion. Light areas in the castings fractures were formed by a brittle fracture mechanism, which is 
due to the presence of Al,SiyFe,Mn, phase plates in the alloy structure. If iron-containing phases are inherited from the 
source material, then traditional methods of suppressing formation do not lead to the creation of compact equiaxed 
polyhedra. To improve the quality of castings, it is recommended to use ingots with a pre-modified structure, without 
including phase plates of variable composition AlxSiyFe-Mng. The results obtained can be used, among other things, to 
justify the requirements for the material during tenders, which will enable the enterprises of the machine-building industry 
to improve the quality of products and reduce the cost of marriage. As a result, this will increase their competitiveness in 


the Russian and world markets. 
Keywords: brittle plates of the iron-containing phase, Al-Si-Mg system alloy, structure-modified ingots, charge quality 
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AnHoTayna 

Beedenue. Padota dboxycupyetca Ha pellieHHu WpoOsIeM KayecTBa OTIIMBOK v3 crtaBa Al-Si-Mg (AK9). OrmeueHsr 
OTCYTCTBHe eMHOM TeOpHH MOAMPUUMpOBaHHA CIIaBOB MH HeOOXOAMMOCTb MOMCKa peleHHi, oOecneyMBarIOLWHx 
xopollee KavecTBO IpOAyKUHH. PaccmatpyBaloTca IpH4nHbl Opaka H3-3a cuadoro OOOCHOBaHHA BbIOOpa MpOu3BOANTeA 
MCXOJHOFO WIMXTOBOrO MaTepHasia — uyleK. UyLIKH OT JBYX MOCTaBLIMKOB CpaBHHBaloTCA C TOUKH 3PeCHHA CTpyKTyPHO- 
cba3z0Boro coctosHus. IloKa3aHo, KaK OHO oOycIOBNIMBaeT JedeKTbI OTMHBOK. OtTMeyeHa HeadpdeKTHBHOCT 
TPaMIMOHHBIX MeTOAOB NosaBueHHA OOpa3z0BaHHA XPyMKHX IWIacTHH 2%KeresocoyepxKallen (pasbl B ClyIaBe cHcTeMBI Al- 
Si-Mg 3a cueT npucyTcTBua B XMMMYeCKOM cocTaBe cnmaBa Mn. Ecam yka3aHHbiii HefocTaTOK HacsleqyeTca 
M3 HCXOQHOrO MaTepHasia, OOWeIpHHATEIN NOAXoA He cpaOaTEIBaeT. CcopMysMpoBaHbI peKOMeHAAalHU 0 pelleHH1o 
93TOH BBIABIICHHOM NpoOsIeMbI. BHezpenue mpew02%xKeCHHOFO NOAXO a B IpOH3BOACTBEHHYIO IIpaKTHKy CIOCOOHO OTKPBITb 
IYTb K pelWeHHIO BaKHOM NPHKIaHON 3aqa4wn — yNyYWMTb POpMyMpOBKH 3aaHH Wa TeHyepos. AKTyasIbHOCTb 
YiccIeqOBaHHA OOycIOBIeHa UWIMpoOKMM TpwMeHeHveM criaBoB cucTempr Al-Si-Mg (AK9) B coBppemMeHHoM 
MallUIMHOCTpoeHHH, B TOM 4HCIe B aIPOKOCMHMYeCKHX KOHCTpyKyMAXx. Lenb WaHHOw paOoTbl — v3Y4HTb BIMAHHe 
CTPyKTypHO-(a30Boro COCTOAHHA MCXOAHOrO MaTepHasia Ha Ka4eCTBeHHble XapaKTePpHCTHKM TOTOBBIX OTJIMBOK 
43 criilaBa cuctempl Al-Si-Mg. 

Mamepuansit u memoodoi. Ilpoananm3upoBaHbl BOCe€Mb TJIaBOK, B KOTOPBIX MCHONb3OBaIMCh UYINKH JByX 
Mpovu3BoyuTesen. PextreHorpapua NO3BOMMa BLIABHTb KOPpeJIALHIO MEXK]Y CTPOCHHeM H3JIOMa OTJIMBOK, CTPyKTypor 
M KavyeCTBCHHbIMH HWOKa3aTeamMH. J\it aHasIM43a MMKPOCTpyKTypbl HM XMMMYeCKOrO cocTaBa (a3 HCHONb30BaI 
CKAaHMPyIOMy!tO 9JIEKTPOHHY!O MMKpockornMio. YcTaHaBIMBad TpeOoBaHHA K KayeCTBY, HCXOAMIIM U3 elCTBYIOUIMx 
OTpacueBbIX H TOcyapcTBeHHbIX cTaHJapToB. M3 sTHx xe AOKYMeHTOB Opa ycuoBuA TepMuyecKOH oOpaboTKH 
oOpa3yoB. CrieKTporpaMMBI BH3yasIM3HpOBasIN B Bue rTpaPukKoB, JeEMOHCTpHpY!OWHX HHTCHCMBHOCTh IMKa 9JIEMeHTa 


B O#KEC-CUeKTpe MH SHEP JICKTPOHOB, BOSHHKINMX B pe3sysJIbTaTe oxxe-3cpexta. 
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Pezyiesmamobt ucciedoeanua. Pe3syibtaTbl peHTreHorpapunH aloT OCHOBaHHA YTBepxKJaTb, 4YTO MpoAyKUMA, 
TipefocTaBiaemaax moctapujwKomM Nel, oOmagaeT 3Ha4MMbIMM TIpeHMylecTBaMH B IlaHe KauyecTBa. Ecuu 
OpHeHTHMpoBaTECA Ha OTpaceBoOM CTAaHAapT, HCKIOYeHHe U3 Mpoecca 4ywieK 2-ro NocTaBLIHKa OOecre4YNBaeT BbIILYCK 
TIpowykiuu Oe3 WuTeHMHEIX WedeKToB Ha ypoBHe 73 %. B MpoTHBHOM cCJIyYae 9TOT MOKa3aTeb He MpeBbicul 57 %. 
bpakoBouHbIMu HHAMKaTopaMy OBLIM HeECIWIOWIHOCTH, CKOMICHHA pakOBHH, BbICOKad MopucTocTs. Iocme n1aBoK 5-8, 
KOTOpble 3a/eHCTBOBaIH MaTepHasIbI 2-roO MpPOM3BOAMTeIA, UCCIeAOBAIHCb V3JIOMbI OOpa3I{OB Moce pa3pbiBa. 
BoijeneHbI JOKalun Cc rilayKMM, BA3KHM H CMeIIaHHbIM pesibedom. YBesuuenve Bo <500 mo3BoMI0 yCTaHOBUTb 
He3Ha4HTeIbHbIe YYaCTKH C BA3KHM pelIbeqpoM, YTO XapaKTePHO AIA XpyUKOrO pa3pylWieHHA TO MexaHH3My CKOJIa. 
YcTaHOBJIeHO OTCYTCTBHE BKJIIOUeHHH HW IMKBalHi. PaccmoTpeHa MHKpOCcTpyKTypa WIWIM(OB M3 pa3pbIBHbIX OOpa3iloB. 
BbIACHHJIOCh, YTO OHA COOTBETCTBYeT MOAHPUUMPpOBaHHOMYy M TepMooOpaboTaHHomy cocTosHuIo0 criaBa AK94 6e3 
IIpH3HaKOB Wepexkora. OTMe4eHbI OTACIbHbIe TeEMHbIe HroObYaTEle (:ba3sbl H CAMHHYHbIe Mopbl. OnncaHbl ycuoBHa 
TMcTepcHEIx BEIZeueHHH Si, BbIKpamMBaHHa Al32Siio0FesMn u Al37SisFesMn, a Takxe BbIqemeHue tba3br Al36Si3Fe6Mn3 
B CKeyIeTOoOpa3Hon popme. IlepeancreHbl mpenMylecTBa MUKPOCTpyKTypbI OOpa3yoB 4yWeK OT MpousBoANTessA Ne 1. 
Ona cooTBeTcTByeT MOAMuyMpoBaHHOMy cocTosHuIO ciaBa AK9y. BeTBu eHAPHTOB HM pa3Mepbl BKIIOUCHHH 
KpeMHua MeHbite. He oOnapy2xKuBaloTca urmO00Opa3Hbtle (pa3zbt Al,SiyFe-Mng. 

O6cystcdenue u 3akKii04uenue. CBeTIble yuaCTKH B HW3IOMaX OTIIMBOK OOpa30BaIMcb M10 XpyKOMy MexaHH3My 
pa3pylieHua, 4YTO CBA3AHO C HaIM4uHeM B CTpyKType ciiiaBa WiacTHH (a3br Al,SiyFe-Mng. Ecsm 2xene3s0coyepxKanine 
(pa3bIl HacJIeAyIOTCA U3 MCXOQHOTO MaTepHasla, TO TpawMUHOHHbIe MeTOALI WOAaBIeHHA OOpas0BaHuA He MpHBOAAT 
K CO3aHHIO KOMMAaKTHBIX PaBHOOCHBIX MOMHIApOB. JIA MOBbILICHHA KAYCCTBA OTIIMBOK PCKOMCHYeTCA HCIOIb30BaTb 
YYWKH C TIpeqBapHTeIbHO MOAHPULMPOBaHHOM CTpyKTypoH, 6e3 BKMIOUCHHA IWIacTHH (a3sbl MepeMeHHOrO cocTaBa 
AlxSiyFe,Mng. [lomy4enuple pe3yIbTaTbl MOXKHO 3a/{eHCTBOBaTb B TOM 4HCIe Jd OOOCHOBaHHA TpeOoBaHHli K MaTepHasly 
IIPH IpOBeAeCHHH TeHAepoOB, ATO JaCT BO3MOXHOCTh MpeAMPHATHAM MalWIMHOCTPOUTeJIbHOM OTPacIIM YJIYYWIHTb KayeCTBO 
MpOAYKUMH U CHU3HTb 3aTpaTbl Ha Opak. B uTore 3TO HOBbICHT HX KOHKYPeHTOCIIOCOOHOCTh Ha POCCHHCKOM H MHPOBOM 
PbIHKe. 


KsoyeBbie cJI0Ba: XpylIKHe IJIaCTHHbl  2xKeesocoyepxKalle ca3zbl, cimaB cHctempt Al-Si-Mg, 4yuIKH 


C MOAMPHUMpOBaHHOH CTpyKTypoOH, KaYeCTBO LIMXTbI 


ba arojapHoOcTH: aBTOPbI BbIpaxKatoT OnaroyjapHOcCTh peqakuMoHHOon KOJIICrHH = KypHalia U PpeueH3eHTy 
3a IIpodeccHOHasIbHbIii aHaJIn3 HW peKOMCHalHn JIA KOppeCKTHPOBKH CTaTbH. 


Aaa waTnupopannsa. Mypartos B.C., Kasaxop M.C. Brusuve cTpyKTypHO-(a30Boro0 COCTOAHHA UCXOAHOrO MaTepuasia 
IJMXTbI Ha KaYeCTBCHHbIe XapaKTePHCTHKUM OTIMBOK 3 cryiaBa cucTembI Al-Si-Mg. bezsonacnocmb mexnozeHHoix 
u npupooneix cucmem. 2023;7(3):66—76. https://doi.org/10.23947/2541-9129-2023-7-3-66-76 


Introduction. According to GOST 1583-93! alloys of the Al-Si-Mg (AK9) system belong to the first group 
(silumins). They are widely used in modern mechanical engineering. In aerospace structures, aluminum alloy castings 
account for 3—5 % of the mass [1]. 

The use of cast blanks in comparison with deformed semi-finished products can reduce the complexity of machining 
parts and increase the metal utilization factor several times [2]. In the aerospace industry, this alloy is used to produce 
parts that are complex in configuration, operating at medium loads and temperatures from minus 196 to plus 175 °C?. 
Main characteristics of the alloy: 

— good casting properties; 

— tightness; 

— corrosion resistance; 

— weldability; 

— low density; 


— relatively high modulus of elasticity; 


' GOST 1583-93. Aluminium casting alloys. Specifications. Biblioteka GOSTov. URL: http://vsegost.com/Catalog/18/18745.shtml (accessed: 
22.08.2023). 


* OST 92-0920-85.  Metally i  splavy  tsvetnye. Marki,  razreshennye  k_ primeneniyu. Tekhnicheskaya literatura. URL: 
https://booktech.ru/normativy/ost/ost-92-0920-85-metally-i-splavy-cvetnye-marki-razreshennye-k-primeneniyu.html (accessed: 22.08.2023). 
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— low temperature coefficient of linear expansion; 

— wear resistance; 

— affordable price [3-7]. 

The properties of silumins depend on the conditions of melting and subsequent processing [8]. An effective method 
of improving their structure and properties is modification with multicomponent compositions. This makes it possible to 
influence not only silicon, which is part of the eutectic (a+Si), but also primary silicon crystals [9-10]. Let us note the 
need to effectively deal with such a disadvantage of Al-Si-Mg alloys as gas absorption. For this purpose, degassing fluxes 
and modification at low temperatures are used [11]. Currently, there is no unified theory of modification, so the search 
for optimal solutions continues to ensure a high level of product quality, compliance with regulatory and design 
documentation [11]. The presented work is intended to partially compensate for the lack of data in this area. 

Control plays a leading role in improving the quality of castings. Its tasks are: 

— to exclude the ingress of defective castings for machining and assembly; 

— to create conditions for critical analysis and improvement of foundry technology. 

The complexity of technological processes of foundries is associated with the use of a wide range of materials. The 
formation of the quality of castings is determined by many factors. The most critical of them are: 

— the quality of the initial molding, charge and auxiliary materials; 

— the level of mechanization and automation of the technological process; 

— the compliance with the technological process at all stages of production; 

— the organization of production and workshop management. 

Within the framework of the presented work, the reasons for the growth of waste associated with an insufficiently 
justified choice of the manufacturer of the charge material — ingots are analyzed. The recommendations are given to 
eliminate this problem. A comparative analysis of the structural and phase state of the source material from two suppliers 
was performed. It is shown how defects in castings of the Al-Si-Mg alloy system depend on the structural and phase state 
of the initial charge materials. 

It should be recognized that traditional methods of suppressing the formation of brittle plates of the iron-containing 
phase in the alloy of the Al-Si-Mg system are ineffective due to the mandatory presence of Mn in the chemical 
composition of the alloy. We are talking about cases when the specified defect is inherited from the source material. The 
recommendations for solving this identified problem are formulated. To improve the quality of castings, it is advisable to 
use a charge of ingots with a pre-modified structure. It should not include phase plates of variable composition 
AlxSiyFezMnq. 

The work objective is to study the influence of the structural-phase state of the source material on the qualitative 
characteristics of finished castings from the Al-Si-Mg alloy system. 

Materials and Methods. According to the results of eight melts, the characteristics of castings made of AK9ch alloy 
were analyzed. Ingots from manufacturers No. | and No. 2 were used as the starting material. Ingots were melted down 
with waste from their own production (substandard castings made of AK9ch alloy). Table 1 provides the percentage of 
materials. The manufacturer is selected based on the results of competitive procurement for reasons of economic 
feasibility. In any case, the material must comply with GOST 1583-96. The method of manufacture is permanent-mold 
casting. 

Table | 


Percentage (by weight) of raw materials in the general melting 


: Manufacturer Manufacturer Waste of own 
Melting no. . 
no. 1 no. 2 production 
1 40 0 60 
2 35 0 65 
3 25 0 75 
4 20 0 80 
5 20 5 715 
6 10 20 70 
7 5 20 75 
8 0 20 80 
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Chemical composition of the samples was determined by the spectral method on MFS-8 device. Mechanical properties 
were studied on separately cast samples (GOST 1497-843) after heat treatment in T6 mode (quenching — 535 + 5 °C, 
cooling in water, aging — 175 +5 °C). To determine the mechanical properties, a strength testing machine UTS-111.2- 
100-22 was used. The microstructure was studied by the cuts from wedge samples, ingots and discontinuous samples 
etched in Keller reagent, as well as on the fractures. The Zeiss Stemi2000-C stereoscopic microscope and Carl Zeiss 
AxiovertA1 metallographic microscope were used. The scanning electron microscopy method was implemented using 
the JED-2300 AnalysisStation microscope. The chemical composition of the phases was recorded by electron microprobe 
analysis. The macrostructure was evaluated on the fractures of wedge samples, as well as on the templates etched in an 
alkaline solution, cut from wedge samples and ingots. The presence of internal defects of castings was determined using 
the Ruslan-225 X-ray machine. 

Results. Chemical composition of the samples from each melting is presented in Table 2. 

Table 2 


Results of determination of chemical composition of samples 


Melting Content of elements, mass. % 
no. Al Si Mg Mn Fe Cu Zn Ti Zr Be 
1 8.71 | 0.22 | 0.28 | 0.44 | <0.1 | <0.2 | 0.082 | <0.1 <0,1 
2 9.35 | 0.24 | 0.31 | 0.44 0.1 <0.2 | 0.097 | 0.03 <0,1 
3 8.56 | 0.23 | 0.28 | 045 | 0.12 | <0.2 | 0.06 | 0.03 <0,1 
4 Base 9.28 | 0.23 | 0.32 | 0.44 | 0.12 | <0.2 0.1 0.03 <0,1 
5 8.8 0.26 0.3 0.45 | 0.11 | <0.2 | 0.065 | 0.03 <0,1 
6 8.5 0.23 | 0.28 | 0.52 | 0.13 | <0.2 | <0.05 | <0.1 <0,1 
7 8.8 0.26 0.3 0.45 | 0.11 | <0.2 | 0.055 | 0.03 <0,1 
8 9.28 | 0.23 | 0.32 | 0.44 | 0.12 | <0.2 | <O.1 | <O.1 <0,1 
Requirements according to GOST 1583-93 
8— | 0.17—) 0.2- 
Base <0.9 | <0.3 0.3 + <0.15 <0.1 
10.5 | 0.30 0.5 


Data from Table 2 prove that chemical composition of the material of castings from all charges corresponds to 
GOST 1583-93. 
The results of the mechanical properties test are presented in Table 3. 


Table 3 
Results of mechanical properties tests 
Melting 
Oz, MPa 6, % 
no. 
1 280 9 
2 280 6 
3 270 7 
4 280 3 
a 340 6 
6 290 6 
7 340 6 
8 290 7 
Requirements according to GOST 
= 235 =3 


3 GOST 1497-84. Metals. Methods of tension test. Biblioteka GOSTov. URL: http://vsegost.com/Catalog/46/4616.shtml (accessed: 25.07.2023). 
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From the Table 3 it can be seen that according to the level of mechanical properties, the material of castings from all 
charges met the requirements of GOST 1583-93 for the T6 condition. Temporal tear resistance and elongation were 
compared. 

X-ray radiography showed that for melts 1-4, in which there were no ingots from manufacturer No. 2, the yield of 
suitable products corresponding to OST 92-1165-2014 in terms of casting defects was 73 %. For melts 5—8, the yield of 
suitable products was 57 %. Rejection signs: 

— irregularities in the form of shells; 

— clusters of shells; 

— porosity beyond the permissible level according to the X-ray standard (X-ray film obtained after X-ray inspection 
of the sample with a normalized porosity corresponding to a certain score’). 

The study of the fractures of wedge samples showed that the fracture of light gray, matte, with small, light, shiny areas 
of various shapes and sizes was characteristic for melts 5—8 (Fig. 1). 


Fig. 1. The appearance of the fracture of melts 5—8 (magnification 6.5) 


No inclusions or other defects were detected in the microstructure under the surface of the fractures, which would 
unambiguously cause bright, shiny areas. Porosity of 2 points according to GOST 1583-93 was observed in the 
macrostructure of some melts under the fracture surface. The presence of porosity did not explain the light areas in the 
fractures, since porosity was not observed on all wedge samples, but the appearance of all fractures was identical. 

Fractures of tensile samples obtained after testing the mechanical properties of melts 5-8 were examined under an 
electron microscope. The bright, shiny areas (Fig. 1) corresponded to the dark area in Fig. 2 a. The appearance of the 
fracture surface at various magnifications is shown in Fig. 2. 


4 OST 92-1165-75. Castings made of aluminum alloys. Technical requirements. Technical literature. URL: 
75-ot mt ninievy t (accessed 21.07.2023). 
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Fig. 2. The fracture surface of the tensile sample: a — general view with magnification x50; 
b — areas with smooth relief with magnification x150; c — mixed relief with magnification x200; 
d —a large smoothed section of the fracture with magnification x200 


When magnified to x500, it could be seen that the shiny areas were depressions, more often with a smoothed surface. 
There were minor areas with a viscous relief, which was characteristic of brittle fracture by the mechanism of chipping. 
The main part of the fracture surface had a viscous relief. The results of micro-X-ray spectral analysis of the fracture 
surface at points 11, 12,13 (Fig. 2) are presented in Table 4. Points 11 and 13 correspond to smoothed areas, 


point 12 — viscous. 
Table 4 


Chemical analysis of the fracture zone surface 


Point no. Content of elements, mass. % 
(see Fig. 2) Mg Al Si Fe 
11 4.71 82.61 | 11.27 1.41 
12 4.51 83.35 | 9.46 2.68 
13 5.13 | 84.72 | 8.11 2.04 


The spectrograms of the points were identical (Fig. 3). No significant differences in chemical composition were 
revealed between the zones with viscous and brittle smoothed relief, which indicated the absence of inclusions and 
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Fig. 3. Spectrogram of the electron microprobe analysis results of the fracture surface: a — point 11 from Fig. 2; b — point 12 from 


Fig. 2. Here the intensity of the peak of the element in the Auger spectrum and the energy of the electrons generated as a result of the 
Auger effect are shown 


The microstructure studied on the sections made of discontinuous samples (melts 5—8) corresponded to the modified 
and heat-treated state of the AK9ch alloy without signs of burnout (Fig. 4 a). Separate dark needle-like phases and single 
pores were observed. The main phase components of the microstructure were clearly visible under an electron microscope 
(Fig. 4 b). 


a) b) 
Fig. 4. Appearance of the microstructure: a — light optical microscopy with magnification x200; 
b — electron microscopy with magnification x250 


The data of electron microscopy and electron microprobe analysis made it possible to determine the main phases: 
a (light zones), o+Si (dark zones). In the a+Si phase, dispersed Si precipitations of less than 5 microns in size were 
observed (Fig. 5 a). Electron microprobe analysis showed that Al32Sijo0FesMn and Al37SisFesMn (Fig. 5 b, 5 c) were 
partially crumbled during grinding and polishing (Fig. 5 c). The separation of Al36Si3FesMn3 phase in a skeletal form was 
also observed (Fig. 5 d). 


a) b) 
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Fig. 5. Microstructure of melting samples (5—8): a — separation of silicon with magnification x2000; b — phases Als2Si1o0FesMn and 
Als7SisFesMn with magnification x1000; c — chipping of brittle plates of phases Al32Si1oFesMn u and Al37SisFesMn with 
magnification x750; d — phase Al36Si3FeoMns3 in skeletal form with magnification x500 


The microstructure of the ingot samples from manufacturer No. 1 corresponded to the modified state of the 
AK9ch alloy. The branches of the dendrites were significantly smaller than in the sample of the ingot from supplier No. 2. 
The sizes of silicon inclusions were up to 4 microns. They were homogeneous and had a globular appearance. The main 
phases were a and a+Si (Fig. 6 a). Needle-like phases of Al,SiyFe-Mn, were not found in the structure of ingot samples 


from manufacturer No. 1. 


c) 


Fig. 6. The microstructure of the initial ingot: a — manufacturer No. 1, 70 microns with magnification x500; 
b — manufacturer No. 2, 70 microns with magnification x500; c — plate phase in the microstructure of the ingot from manufacturer 
No. 2, 20 microns with magnification x1000 


The microstructure of the ingot sample from supplier No. 2 corresponded to the unmodified state of the AK9ch alloy. 
The branches of dendrites were large. Silicon inclusions were needle-shaped and large. The main phases were a and a+Si 
(Fig. 6 b). Phases in the form of dark needle-like inclusions were observed (Fig. 6c). 

The analysis of the results of the study suggests that the structural-phase composition of the alloy determines the 
presence of shiny areas in the fracture of samples from melts 5—8. These are areas with smoothed relief — the results of 
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brittle destruction. The most probable cause of this phenomenon is the presence of zones with coarse needle-like 
precipitation, which are brittle Al,SiyFe,Mn, plates with a pronounced interface. During stretching or other destructive 
tests, these precipitations act as concentrators (breaks in the metal). Accordingly, when the crack development front goes 
through them, they chip off. Let us explain. Lamellar precipitates are solid and poorly retained in the base metal. In the 
process of grinding and polishing the samples, they crumble, leaving cavities with smooth walls. In their place are smooth 
areas that shine in the fracture. It can also be assumed that these phases are stable in the melt (do not dissolve in the 
matrix). When cooled, they will act as crystallization centers and provoke the formation of defects, since they are sharp 
stress concentrators. 

Silicon crystallizes in the form of small spherical particles, so it can be stated that the modifier used is effective for 
influencing silicon, which is part of the eutectic (a+Si). At the same time, an adjustment of the technological process is 
required to influence the needle phases of Al,SiyFe,Mng. With the introduction of 0.2—0.5 % Mn, as a rule, it is possible 
to suppress the formation of brittle plates of Al,SiyFe-Mn, phase. However, in the studied melts (5-8), despite the Mn 
content of 0.28—0.32 %, this phase persists, since it is inherited from the source material. 

Discussion and Conclusion. Based on the results of the conducted scientific research, three main conclusions can be 
drawn. 

1. The structural-phase state of the source material is inherited in castings and in the presence of iron-containing 
phases in the form of brittle plates can negatively affect the quality characteristics of cast blanks. 

2. The light areas in the castings’ fractures are areas with smoothed relief. They were formed as a result of brittle 
fracture, which is due to the presence of a variable composition of Al,SiyFe,Mn, in the structure of brittle phase plates. 

3. The presence of Mn alloy in the chemical composition does not always suppress the formation of brittle plates of 
the iron-containing phase. If it is inherited from the source material, this traditional approach does not work and compact 
equiaxed polyhedra with a weaker negative influence are not formed. To improve the quality of castings, it is 
recommended to use ingots with a pre-modified structure in the charge, in which there are no inclusions of plates of the 
phase of variable composition Al,SiyFezMng. 
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